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NEDERLANDSE SAMENVATTING 
 
De hiernavolgende tekst is een uitgebreide samevatting van de 
Engelse tekst van het proefschrift.  Het spreekt vanzelf dat in deze 
tekst niet alle zaken even gedetailleerd kunnen behanded worden als 
in de Engelstalige versie.  Voor een meer gedetailleerde bespreking 
van het verrichte onderzoek en een volledig overzicht van de 
bekomen resultaten wordt de lezer dan ook verwezen naar deze 
Engelse tekst. 
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1 INLEIDING 
1.1 Probleemstelling en verantwoording van het proefschrift 
Een groot deel van bestaande constructies, bouwkundige dan wel mechanische, 
hebben hun ontwerpleeftijd reeds geruime tijd overschreden en mogelijks een 
zekere mate van (veelal onzichtbare) beschadiging ondergaan.  Dit houdt eventueel 
een belangrijk gevaar in voor de veiligheid van de gebruikers van deze constructies 
(bijvoorbeeld loskomende machineonderdelen, gecorrodeerde wapening van een 
brug,…).  Dit is zeker het geval voor composieten onderdelen of -constructies, 
omdat het lange-termijngedrag onder werkelijke belastingen van zulke materialen 
nog steeds onvoldoende gekend is.  Het is een welgekend feit dat vele 
composietmaterialen een geleidelijk groeiende beschadiging ondergaan die zich 
manifesteert in verscheidene vormen, maar die voornamelijk tot uiting komt in een 
afname van de stijfheid van het materiaal.  Niettegenstaande het feit dat de eerste 
schade reeds kan optreden in een vroege fase van het gebruik, kunnen constructie-
elementen opgebouwd uit composietmaterialen op een veilige manier verder 
gebruikt worden door herverdeling van de inwendige spanningstoestand. 
Om een verantwoorde schatting te kunnen maken van de resterende levensduur, 
moet de structurele integriteit – of dus de gezondheid - van de constructie op een 
(quasi) continue manier opgevolgd worden.  Dit continu opvolgen wordt veelal 
aangeduid met de, uit het Engels afgeleide, term monitoren.  Voorbeelden van 
ernstige schadegevallen die kunnen optreden wanneer de ‘gezondheid’ van een 
constructie (of onderdeel) onvoldoende regelmatig gecontroleerd wordt, zijn 
bijvoorbeeld het instorten van een brug te Melle en een vliegtuigcrash in New York 
door bezwijken van een vitaal onderdeel vervaardigd uit composiet. 
Momenteel bestaat het monitoren van belangrijke constructie-elementen, 
bijvoorbeeld zwaar belaste onderdelen waarvan het bezwijken een rechtstreekse 
impact heeft op de veiligheid van de gebruiker of de integriteit van de volledige 
constructie, meestal enkel uit regelmatige visuele inspecties als deel van een 
vooropgestelde onderhoudsplanning.  Somtijds kunnen deze visuele inspecties 
verder aangevuld worden met meer specifieke niet-destructieve technieken zoals 
ultrasoon onderzoek, detectie van akoestische emissie en radiografie.  Naast het 
arbeidsintensief karakter van deze inspecties, de nood aan specifiek opgeleid 
personeel en het mogelijks ontstaan van ernstige beschadiging tussen inspecties 
door, is er een duidelijke economische impact door het tijdelijk uit gebruik nemen 
van een constructie zoals een windmolen of een vliegtuig. 
Het hoeft dus ook niet te verwonderen dat meer en meer interesse ontstaan is in de 
(verdere) ontwikkeling van (bestaande) niet-destructieve onderzoeksmethoden die 
het mogelijk moeten maken de structurele gezondheid van een constructie te gaan 
opvolgen.  Het monitoren van een constructie bestaat er meestal in dat een 
specifieke parameter continu opgevolgd wordt, bijvoorbeeld  lokale 
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doorbuiging, omgevingstemperatuur, vochtigheid, schade (al dan niet zichtbare), 
trillingen en zo meer.  Optische-vezel-sensoren hebben in deze een belangrijke 
aandacht gekregen dankzij een aantal specifieke voordelen die verder aan bod zullen 
komen.  Het monitoren van een constructie (-element) biedt een aantal inherente 
voordelen, zoals: het sterk reduceren van het aantal (of zelfs overbodig maken) van 
de op regelmatige basis geplande inspecties door deze enkel uit te voeren wanneer 
abnormaliteiten of afwijkend gedrag wordt vastgesteld, zonder dat de veiligheid van 
de gebruiker en/of de constructie zelf in het gedrag komt.  Observatie van de 
werkelijke belastingen van een constructie, gekoppeld met adequate 
materiaalmodellen zouden het mogelijk kunnen maken om op elk ogenblik een 
schatting te maken van de resterende levensduur van een constructie.  De toetsing 
van bestaande ontwerpregels, normen en rekenmodellen aan het gedrag van 
constructies in werkelijke omstandigheden kan aanleiding geven tot bijsturingen of 
zelfs grondige aanpassingen.  Zeker wat composieten betreft, bieden ‘real-time 
monitortechnieken’ perspectieven; immers de bestaande ontwerpregels maken veelal 
gebruik van belangrijke veiligheidsfactoren omwille van het vrij onbekend lange-
termijn gedrag van deze materialen onder veelal wisselende belastingen, de grote 
spreiding in de (heterogene en anisotrope) eigenschappen van een composiet door 
de veelheid aan samenstellende materialen en invloed van verscheidene fabricage-
parameters. 
Een adequate monitortechniek zou dus kunnen zorgen voor een beter inzicht en 
vooral een groter vertrouwen in het mechanische gedrag van composietconstructies, 
welke momenteel belangrijke problemen lijken te zijn voor vele ontwerpers en welke 
de toepassing van composieten, ondanks hun inherente voordelen, als structureel 
dragende elementen in civiele en mechanische toepassingen afremt.  Nochtans zijn 
de mogelijke voordelen legio: veiliger en lichter vliegtuigen die bovendien 
gemakkelijker te onderhouden zijn; pijpleidingen en opslag- of drukvaten die 
continu hun eigen integriteit opvolgen en onmiddellijk signaleren bij een mogelijk 
lek; schoepen van windmolens die groter en lichter kunnen uitgevoerd worden door 
het uitschakelen van over-dimensionering met dus duidelijk economisch gunstige 
gevolgen. 
1.2 Situering van het onderwerp 
1.2.1 Composieten 
In zeer algemene termen kan men een composiet definiëren als een heterogeen 
materiaal bestaande uit twee of meer verschillende materialen die macroscopisch 
duidelijk te onderscheiden blijven in de samenstelling.  Meest voorkomend zijn de 
vezelversterkte kunststoffen, waarbij de mechanische eigenschappen van een 
kunststof matrix verbeterd worden door het inbedden van versterkingsvezels.  Deze 
klasse wordt dan ook gemeenzaam aangeduid met de term (vezelversterkte) 
composieten.  De best gekende versterkingsvezels zijn glasvezels, koolstofvezels 
en organische vezels (bijvoorbeeld Kevlarâ) met elk hun specifieke eigenschappen 
en toepassingen.  Als matrix voor de vezelversterkte kunststoffen wordt veelal 
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gebruik gemaakt van thermohardende (bijvoorbeeld epoxy en polyester) of 
thermoplastische (bijvoorbeeld nylon en polyimide) polymeren.  Thermoharders 
zijn kunststoffen die uitharden (polymeriseren) onder invloed van verhoogde 
temperaturen terwijl thermoplasten week worden bij verhoogde temperaturen en 
vervolgens terug verstijven bij afkoeling.  Deze kunststoffen hebben, in vergelijking 
met traditionele constructiematerialen zoals staal, minderwaardige eigenschappen 
qua sterkte en stijfheid wat hun rechtstreekse toepassing als constructiemateriaal 
limiteert, maar kunnen wel zeer ingewikkelde vormen aannemen.  Vandaar de 
noodzaak aan versterkingsvezels die, net door hun vorm, (zeer) goede 
eigenschappen hebben volgens deze vezelrichting.  De combinatie van vezels 
(opnemen van de belastingen) en matrix (beschermen en bij elkaar houden van de 
vezels, herverdeling van de aangrijpende belastingen) zorgt dat de samengestelde 
composiet de toetsing met de traditionele materialen kan ondergaan. 
De belangrijkste karakteristieken van deze composieten zijn hun hoge specifieke 
sterkte en stijfheid (dit is de verhouding van sterkte en stijfheid tot het 
eigengewicht van het materiaal) in vergelijking met traditionele 
constructiematerialen.  Dit laat toe composieten constructieonderdelen te 
ontwerpen met aanzienlijk lager gewicht dan bijvoorbeeld een stalen tegenhanger 
zonder in te boeten aan sterkte en stijfheid.  Door het sterke anisotrope karakter van 
de composiet, is dit voornamelijk geschikt voor het opnemen van belasting in de 
richting volgens de versterkingsvezels maar vrij zwak in de richting loodrecht erop.  
Door nu verscheidene lagen composieten met verschillende oriëntaties van de 
versterkingsvezels te combineren in één stapeling, een laminaat genoemd, kan men 
het ontwerp perfect aanpassen aan de verwachte spanningstoestand. 
De domeinen waarin toepassingen op basis van composieten kunnen 
teruggevonden worden, zijn wijdverspreid: sportmaterialen (fietsen, ski’s, …), 
ruimtetuigen, transportsector (onderdelen van wagens, treinen, vliegtuigen en 
boten), industrie (opslagtanks, robotonderdelen, …), civiele bouwkunde (kleinere 
bruggen, onderdelen van gebouwen, …), … 
1.2.2 Monitortechnieken 
Zoals reeds hoger vermeld, wordt met de term monitoren bedoeld, het continu 
opvolgen van bepaalde parameters die een aanduiding kunnen geven omtrent de 
gezondheid van een constructie en dit door gebruik te maken van aangepaste 
instrumentatie.  De ontwikkeling van zulke technieken wordt voornamelijk gesteund 
vanuit de civiele sector (voor het opvolgen van betonnen constructies zoals 
bruggen) en de hoogtechnologische lucht- en ruimtevaartsector waar de toepassing 
van composietmaterialen reeds een vrij lange geschiedenis achter de rug heeft en de 
structurele integriteit van de constructie vanzelfsprekend van primordiaal belang is. 
Monitortechnieken vormen een belangrijke stap in het streven naar een volledige 
‘intelligente constructie’.  De graad van intelligentie wordt in de literatuur somtijds 
verschillend ingevuld, maar kan in zijn meest ruime vorm begrepen worden als: het 
waarnemen van de eigen structurele integriteit en wijzigende omgevingsparameters, 
de interpretatie van de waargenomen signalen en het geven van gepaste 
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waarschuwingen als schade of abnormaal mechanisch gedrag optreedt, het bijsturen 
door het ondernemen van aangepaste actie en mogelijks het leren uit vroegere 
omstandigheden.  Hiervoor dient een constructie uitgerust te worden met de nodige 
sensoren, datalinks en andere communicatiekanalen, actuatoren en neurale 
netwerken; de sensoren en actuatoren maken daarbij integraal deel uit van de 
constructie.  Een analogie met biologische wezens kan hierin waargenomen worden, 
namelijk voelen (zintuigen), communicatie (zenuwstelsel), ondernemen (spieren, 
hormonen) en leren (hersenen). 
In het kader van dit proefschrift werd gestreefd naar constructies waarin de graad 
van intelligentie erin bestaat dat een geïntegreerd geheel wordt bekomen van de 
structuur zelf, een monitorsysteem bestaande uit sensoren, data-acquisitie en 
communicatie met controlerende en sturende hardware door middel van aangepaste 
software.  De op te volgen parameters zijn het mechanisch gedrag van de 
constructie in termen van optredende vervormingen en schade.  Uiteindelijk zal 
dit alles voor werkelijke constructies mogelijke kostenbesparingen inhouden en een 
verbeterde werking bevorderen door “autonome” werking van de constructie en het 
aanleveren van de nodige signalen om op een rationele, objectieve en dus meer 
efficiënte wijze de constructie te gaan beheren. 
De monitorfunctie wordt veelal waargenomen door bestaande niet-destructieve 
onderzoeksmethoden waarvan een uitgebreid overzicht wordt gegeven in de 
Engelse tekst.  Onderscheid wordt gemaakt tussen het opvolgen van schade 
(ontstaan en uitbreiding) en van vervormingen (door meten van rekken).  Ultrasone 
inspectie en detectie van akoestische emissie zijn zeer geschikte – en vaak gebruikte 
– technieken voor het opvolgen van schade, maar hebben dan weer het nadeel dat 
gekwalificeerd personeel en een grondige analyse van de signalen vereist zijn voor 
een juiste interpretatie.  Veel gebruikte technieken voor het meten van 
vervormingen zijn rekstrookjes-metingen (echter enkel relatieve metingen mogelijk 
en minder geschikt voor langere termijnen) en optische metingen gebaseerd op de 
Moirémethode of interferometrie.  Recent werd ook veel onderzoek besteed aan de 
ontwikkeling van optische-vezel-sensoren voor dit doeleinde; dit wordt in het 
volgend puntje besproken.   Hierbij dient benadrukt te worden dat het toepassen 
van één zo’n techniek onmogelijk kan leiden tot een volledige onderkenning van de 
constructie; enkel door het combineren van technieken met complementaire 
mogelijkheden (schadedetectie gekoppeld aan vervormingmetingen) kan een globaal 
inzicht worden bekomen. 
1.2.3 Optische-vezel-sensoren 
Interesse in sensoren op basis van optische vezels voor het meten van mechanische 
vervormingen is te wijten aan enkele belangrijke inherente voordelen in 
vergelijking met meer traditionele meetmethodes.  Van zeer groot belang is dat ze 
door hun zeer kleine afmetingen (diameters in de grootteorde van 125 tot 250 mm) 
en flexibiliteit, uitermate geschikt zijn om te worden geïntegreerd (door inbedden of 
uitwendige verlijming) in composieten elementen zonder de mechanische 
eigenschappen ervan negatief te beïnvloeden.  Tegelijkertijd is dit grootste voordeel 
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soms het belangrijkste nadeel, omdat men zeer voorzichtig moet zijn tijdens het 
behandelen en aanbrengen van deze minuscule vezels.  Andere gunstige voordelen 
zijn hun weerstand aan hoge temperaturen en drukken, quasi-ongevoeligheid voor 
corrosie en vermoeiing, en hun immuniteit voor elektromagnetische interferentie.  
Optische vezels kunnen bovendien gelijktijdig gebruikt worden als sensor en als 
informatiedrager.  Zogenaamde multiplexing-technieken maken het mogelijk 
meerdere sensoren in één en dezelfde vezel aan te brengen.  De ontwikkeling en 
verspreiding van optische-vezel-sensoren kunnen bijkomend gestimuleerd worden 
door belangrijke ontwikkelingen in de sector van telecommunicatie en optische 
elektronica, die aanleiding geven tot steeds beter wordende componenten.   
Voornaamste parameter voor een toegankelijkheid voor het grote publiek is 
uiteraard de kostprijs van de sensoren en de bijhorende apparatuur.  
De meetprincipes en soorten van optische-vezel-sensoren zullen in hoofdstuk 2 
worden besproken.  Een aantal sensortypes werden reeds getest in 
laboratoriumomstandigheden, zowel voor toepassingen in beton als composieten.  
Parameters die werden bestudeerd zijn onder andere schade, trillingen, druk, 
mechanische rek, temperatuur, ….  Meer aandacht is nog vereist omtrent de 
haalbaarheid van deze sensoren in termen van resolutie, mogelijkheid tot absolute 
en herhaalbare metingen, en het uitvoeren van meetcampagnes op langere termijn 
op werkelijke constructies. 
Het type vezelsensor dat in dit werk gebruikt wordt, is de zogenaamde Bragg-sensor 
waarvan het werkingsprincipe zal besproken worden in hoofdstuk 3.  De Bragg-
sensor beantwoordt immers het best aan de eisen voor een ideale sensor, namelijk 
robuustheid en intrinsiek karakter, één vezelverbinding, mogelijkheid tot absolute 
meting in één of meerdere punten, rechtstreekse en lineaire afhankelijkheid van de 
vervorming, mogelijkheid tot multiplexing, hoge resolutie, groot meetbereik, 
reproduceerbaarheid van de metingen en economisch interessant. 
1.3 Huidige stand van zaken en doelstellingen van het onderzoek 
De in deze paragraaf besproken stand van zaken en de daaraan gekoppelde 
doelstellingen hebben uiteraard betrekking op het tijdstip van opstarten van het 
onderzoek. 
Op het moment van de oorspronkelijke aanvraag voor fondsenwerving voor dit 
doctoraatsonderzoek, werd in Europa slechts in beperke mate onderzoek verricht 
naar het gebruik van optische-vezel-sensoren.  Het onderzoek speelde zich 
voornamelijk af in Canada (en de Verenigde Staten), en in beperkte mate in enkele 
Europese landen.  In Canada richtten de onderzoekers zich vooral op de ‘bewaking’ 
van bouwkundige constructies, terwijl in Europa de meeste aandacht ging naar 
toepassingen in de luchtvaart.  In Europa waren de meeste toepassingen vooral 
gericht op de detectie van schade (kwalitatief).  De Canadese onderzoekers 
(verenigd in een uitgebreid onderzoeksnetwerk) bestudeerden hoofdzakelijk het 
meten (kwantitatief) van mechanische of andere grootheden, om de evolutie van het 
gedrag van de constructie permanent te kunnen observeren. 
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In België was enig ernstig onderzoek in dit domein pas goed gestart.  Binnen de 
onderzoeksgroep van de promotor van dit werk, werden reeds een drietal 
afstudeerwerken in dit domein begeleid.  De belangrijkste verwezenlijking hierbij 
was de vervaardiging en implementatie van Fabry-Pérot sensoren in samenwerking 
met WTCM.  Aan de VUB werden in samenwerking met het spin-off bedrijfje 
Identity sensoren en bijhorende uitleesapparatuur ontwikkeld gericht op 
toepassingen in de burgerlijke bouwkunde.  Aan de KUL startte toen twee jaar terug 
doctoraal onderzoek naar het gebruik optische vezels ingebed in vezelversterkte 
kunststof. 
Uitgebreid onderzoek naar het exacte gedrag van optische vezels en sensoren 
geïntegreerd in constructies was duidelijk nog steeds noodzakelijk.  In het licht 
hiervan werden de concrete doelstellingen van dit onderzoek dan ook als volgt 
samengevat. 
Gelet op de traditie van de onderzoeksgroep in het domein van ‘Mechanisch gedrag 
van materialen en constructies werd het onderzoek gericht op de kwantitatieve 
opvolging van vervormingen.  Ingebedde rekmeters zouden zeker een krachtig 
instrument kunnen zijn voor de ondersteuning van huidig en toekomstig onderzoek.  
Allereerst diende uiteraard een basiskennis in het onderzoeksdomein van optische-
vezel-sensoren (voornamelijk Bragg-sensoren) te worden opgebouwd.  De nodige 
vaardigheid moest worden ontwikkeld in het inbedden van optische vezels in een 
(meestal) dun composietmateriaal.  De klemtoon van het onderzoek lag op het 
experimenteel nagaan van de haalbaarheid van rekmetingen met Bragg-
sensoren.  Belangrijkste parameters die hierbij dienden te worden bestudeerd, waren 
betrouwbaarheid en reproduceerbaarheid van de metingen.  Hiertoe werd 
vooropgesteld om, op voorhand gekarakteriseerde, Bragg-sensoren in te bedden in 
eenvoudige composietplaatjes waarop experimenten met een welgekende 
vervormingstoestand konden uitgevoerd worden.  In het oogpunt van 
langetermijn-metingen (op werkelijke constructies) was stabiliteit van de 
metingen van het grootste belang.  De meettechniek diende gevalideerd te worden 
door vergelijking met bestaande meettechnieken zoals rekstrookjesmetingen.  
Uiteraard was hierbij een juiste interpretatie van de meetresultaten van primordiaal 
belang.  Met het oog op toepassingen op representatieve structurele elementen 
vervaardigd op basis van composiet en het opvolgen van werkelijke constructies 
leek de aanschaf van uitlees-apparatuur geschikt voor in-situ metingen 
noodzakelijk. 
De uiteindelijke (langetermijn) doelstelling is het opvolgen van geleidelijke 
degradatie van een vezelversterkte kunststof.  Hiervoor moest het ‘verwachte 
meetsignaal’ bestudeerd en gemodelleerd worden in functie van wijzigende 
spanningstoestanden waaraan de vezel is blootgesteld. 
1.4 Structuur van het proefschrift 
Na dit inleidend hoofdstuk volgt in hoofdstuk 2 een beschrijving van enkele 
basisprincipes omtrent optische vezels (opbouw en lichtvoortplanting), een 
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uitgebreid literatuuroverzicht aangaande verschillende types sensoren en hun 
toepassingen, en tenslotte een discussie omtrent de haalbaarheid van het inbedden 
van optische vezels in composieten.  Hoofdstuk 3 behandelt meer specifiek Bragg-
sensoren.  Een haalbaarheidsstudie naar het gebruik van dit type sensor als 
reksensor voor toepassingen op basis van composietmaterialen is samengevat in 
hoofdstuk 4.  Een uitbreiding naar rekmetingen op meer realistische schaal en de 
ontwikkeling van een ‘weegsensor’ is vervolgens besproken in hoofdstuk 5.  
Monitoren toegepast op een werkelijke composietconstructie, met name drukvaten, 
wordt in hoofdstuk 6 besproken.  Hoofdstuk 7 behandelt de ontwikkeling van een 
dynamische vervormingmeter en een krachtcel waarvan het meetprincipe is 
gebaseerd op Bragg-sensoren.  Ten slotte volgt een samenvatting van bekomen 
resultaten en een aanzet voor verder onderzoek in hoofdstuk 8. 
2 OPTISCHE VEZELS EN VEZELSENSOREN 
2.1 Lichtvoortplanting in optische vezels 
2.1.1 Optische vezels: beschrijving 
Een optische vezel is in feite niets meer dan een zeer dunne draad glas (of somtijds 
kunststof) waarin men fysisch een kern en een mantel kan onderscheiden (zie Figuur 
1). 
 
(a) (b)  
Figuur 1: Foto van een bundel optische vezels (a) en een schematische aanduiding van de verschillende 
onderdelen van zo’n optische vezel (b). 
De kern van de vezel heeft een  hogere brekingsindex (dit is de verhouding van de 
lichtsnelheid in vacuüm tot de lichtsnelheid in het beschouwde medium) dan de 
mantel, die ervoor zorgt dat licht in de kern gehouden wordt, waarin het over zeer 
grote afstanden kan propageren volgens de lengteas van de vezel.  De optische vezel 
wordt verder beschermd tegen omgevingsinvloeden door één of meer 
beschermende kunststof lagen.  Afhankelijk van de afmetingen van de kern worden 
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optische vezels onderverdeeld in monomode (diameter van de kern tussen 3 en 10 
mm) en multimode vezels (diameters tot 100 mm). 
2.1.2 Straalmodel 
Hoewel voortplanting van licht, als elektromagnetisch golfverschijnsel, meer 
diepgaand beschreven wordt door de theorie van Maxwell, leidt de benaderende 
straaltheorie tot intuïtief aanvoelbare resultaten.  Deze theorie veronderstelt dat licht 
zich langsheen rechte lijnen (deze worden stralen genoemd) voortplant van één punt 
naar een ander.  Bij voortplanting doorheen verschillende media treedt gedeeltelijke 
terugkaatsing en breking van de lichtstralen op.  Wanneer licht invalt op het 
scheidingsvlak tussen twee media volgens een hoek (met de normale op dit vlak) 
groter dan de zogenaamde kritische hoek treedt geen breking van het licht op en 
wordt dit volledig teruggekaatst.  Dit is het principe van totale interne reflectie, 
hetwelk aan de basis ligt van de voortplanting van licht in optische vezels. 
Licht dat in een optische vezel wordt ingeleid volgens een hoek met de normale op 
het eindvlak gelegen binnen een kegel beschreven door de zogenaamde numerieke 
apertuur van de vezel, zal aan het scheidingsvlak van kern en mantel (met lagere 
brekingsindex) invallen met een hoek groter dan de kritische hoek zodat dit licht 
inderdaad volledig in de kern wordt behouden; door een continue opeenvolging 
(theoretisch oneindige) van deze totale interne reflecties blijft het licht over zeer 
grote afstanden behouden binnen de kern. 
2.1.3 Optische vezels: configuraties 
Zoals reeds vermeld, worden optische vezels onderverdeeld in twee grote klassen 
naargelang de afmeting van de kern, namelijk monomode en multimode optische 
vezels.  Binnen de klasse van multimode vezels wordt verder onderscheid gemaakt 
tussen vezels met constante brekingsindex in de kern en vezels met gradueel 
variërende brekingsindex.  In een multimode vezel met constante brekingsindex legt 
elke straal een verschillende optische weglengte af tijdens de propagatie, wat zorgt 
voor een uitsmering van een lichtpuls, aangeduid met de term dispersie.  Door een 
graduele parabolische variatie van de brekingsindex zullen lichtstralen zich 
voortplanten volgens gebogen paden met fysisch verschillende maar optisch gelijke 
weglengte zodat nagenoeg geen dispersie van de verschillende lichtstralen optreedt 
en licht zich over langere afstanden kan voortplanten.  Lichtvoortplanting in 
monomode optische vezels kan niet correct worden beschreven met de straaltheorie 
(omdat de golflengtes van het licht niet langer verwaarloosbaar zijn t.o.v. de 
afmetingen van het optisch systeem); hiervoor dient beroep te worden gedaan op 
Maxwell’s theorie voor golfvoortplanting. 
2.1.4 Theorie van de golfvoortplanting 
Licht is een vorm van elektromagnetische straling en de voortplanting ervan dient 
dan ook te worden bestudeerd met behulp van de theorie van Maxwell.  De 
oplossingen van de vergelijkingen van Maxwell voor lichtvoortplanting in een 
golfgeleider (zoals een optische vezel) kunnen enkel een aantal discrete oplossingen, 
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modes genoemd, aannemen.  Het aantal modes (beschreven door een mode-profiel 
en voortplantingsconstante b) wordt gekarakteriseerd door de zogenaamde 
genormaliseerde frequentieparameter V die omgekeerd evenredig is met de 
golflengte van het ingeleide licht en evenredig met de straal van de kern van de vezel 
en de numerieke apertuur.  Enkel vezels met kleine afmetingen en kleine numerieke 
apertuur vertonen monomode gedrag voor golflengtes boven een zekere ‘cut-off’-
golflengte.  Elke mode bestaat evenwel uit twee onderling loodrechte 
polarisatietoestanden. 
Een propagerende mode wordt niet volledig beperkt tot de kern, maar de staarten 
van het mode-profiel strekken zich uit tot in de mantel (waardoor hier energie 
verloren gaat).  Om het effect van zowel de brekingsindex in de kern als in de 
mantel op de voortplanting van het licht uit te drukken wordt een zogenaamde 
effectieve brekingsindex gedefinieerd, welke kan aanschouwd worden als een soort 
gewogen gemiddelde. 
2.1.5 Verzwakking van licht 
Tijdens de voortplanting van licht verzwakt de intensiteit ervan door verstrooiing 
door dimensionale onregelmatigheden en absorptie door onzuiverheden.  De 
verliezen zijn minimaal in de buurt van de golflengtes 1300 nm en 1500 nm.  Deze 
zogenaamde transmissievensters zijn bijgevolg bijzonder interessant voor 
datatransmissie over lange afstanden.  Bovendien is dispersie ook minimaal rond 
deze golflengte. 
2.2 Optische vezelsensoren 
2.2.1 Achtergrond 
Zoals reeds hoger vermeld, blijken optische vezels uitermate geschikt om te worden 
toegepast als sensoren omwille van een aantal specifieke voordelen.  
Vermeldenswaardig zijn de zeer kleine dimensies, flexibiliteit, inbedbaarheid in 
composieten of andere materialen, de verregaande ongevoeligheid voor corrosie en 
vermoeiing, weerstand tegen hoge temperaturen en drukken, verregaande 
immuniteit voor elektromagnetische interferentie, vormt geen elektrische geleider in 
of op een constructie, gelijktijdig sensorfunctie en signaaldrager, gevoelig voor groot 
aantal parameters, ….  Een aantal nadelen zijn hoge kost, veelal complexe 
signaalverwerking, brosheid van de vezel, net door hun gevoeligheid voor meerdere 
parameters kan er spreke zijn van wederzijdse beïnvloeding van de meetresultaten.  
De ontwikkeling van sensoren op basis van optische vezels gebeurt meestal in de 
vorm van een vervanging van (een deel van) een bestaande sensor, waar het gebruik 
van optische vezels een wezenlijke verbetering inhoudt van de efficiëntie, 
betrouwbaarheid, veiligheid en of kost voor de gebruiker; uiteraard worden ook 
optische-vezel-sensoren in nieuwe markt-segmenten aangewend.  Het is 
vanzelfsprekend dat voor een succesvolle commercialiteit deze sensoren een 
wezenlijke verbetering (veelal in financiële termen) moeten inhouden ten opzichte 
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van de klassieke sensoren, waar men in de civiele en mechanische wereld meer mee 
vertrouwd is. 
2.2.2 Classificatie 
Optische-vezel-sensoren kunnen volgens een aantal criteria worden ingedeeld in 
meerdere klassen.  Een eerste indeling in twee grote klassen is op basis van hun 
uitvoering, waarbij men een onderscheid maakt tussen intrinsieke en extrinsieke 
sensoren.  In het geval van extrinsieke sensoren wordt de te meten parameter via 
een systeem uitwendig aan de optische vezel overgebracht naar deze vezel en de 
eigenschappen van het licht gemoduleerd.  Wanneer bepaalde eigenschappen van 
(het licht in) de optische vezel echter rechtstreeks door de te meten parameter 
gewijzigd worden, spreekt men van intrinsieke sensoren. 
Een andere veel gebruikte classificatie van optische-vezel-sensoren is op basis van 
modulatieprincipe.  De te meten parameter kan wijzigingen van het propagerende 
licht veroorzaken in termen van intensiteit, fase, polarisatie of spectrale inhoud 
(kleur).  Een korte bespreking van vezelsensoren volgens deze indeling wordt in de 
volgende paragrafen gegeven. 
Sensoren kunnen ook ingedeeld worden volgens hun ruimtelijke implementatie.  
Gelokaliseerde vezelsensoren geven een aanduiding van de te meten parameter in 
één punt of geven een geïntegreerde waarde over een beperkt segment van de vezel.  
In deze zin zijn ze dus gelijkaardig aan klassieke rekstrookjes en thermokoppels.  
Vezelsensoren die als signaal een waarde in functie van de lengte van de vezel geven, 
noemt men gedistribueerde sensoren.  Verder onderscheidt men ook nog 
sensorconstructies op basis van ‘multiplexing’-technieken waarbij de signalen van 
meerdere (gelokaliseerde) sensoren gecombineerd worden in één enkele vezel. 
2.2.3 Meetprincipes: theoretische beschouwingen en praktische 
voorbeelden 
2.2.3.1 Sensoren gebaseerd op intensiteitmetingen 
Het modulatieprincipe van deze sensoren is de wijziging van de intensiteit van 
propagerend licht onder invloed van een externe parameter.  Het basisprincipe is in 
die zin eenvoudig, dat principieel enkel een vermogensmeting vereist is en men 
gebruik kan maken van multimode optische vezels en bijhorende optische 
componenten. 
De meest eenvoudige toepassing bestaat uit een ‘aan of uit’-situatie waarbij 
gedetecteerd wordt of het ingeleide licht aan het uiteinde van de vezel nog 
waargenomen wordt.  Volgens dit principe kan een vezelsensor toegepast worden 
als vrij eenvoudige schadesensor; breuken, scheuren en delaminaties in een 
constructie kunnen immers aanwezige vezels beschadigen en de lichtvoortplanting 
onderbreken; het betreft dus duidelijk vrij ernstige schade.  Door het meten van 
gradaties van intensiteiten (in plaats van louter uit of aan) kan de techniek verder 
verfijnd worden.  Globale buiging of kleine lokale buigingen van de vezel (zie Figuur 
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2) zal als gevolg hebben dat een deel van het lichtvermogen verloren gaat (doordat 
de voorwaarde voor totale interne reflectie gewijzigd wordt).   
 
Figuur 2: Verstoring van lichtintensiteit in een optische vezel als gevolg van globale buiging. 
Gebaseerd op het principe van lokale buigingen – eventueel mits het ontwerp van 
een gepaste omvormer – is men erin geslaagd schade en vervorming te 
kwantificeren.  Een uitbreiding naar gedistribueerde metingen is mogelijk door 
toepassing van zogenaamde OTDR (optical time domain reflectometry).  Zeer korte 
lichtpulsen worden in een optische vezel ingeleid en hun reflectie (door verstrooiing 
aan microscopische of macroscopische discontinuïteiten) gedetecteerd.  Door het 
meten van het tijdsverschil tussen inleiden en detectie kan een plaatsbepaling van de 
meting langsheen de optische vezel gebeuren.  Gebaseerd op dit principe werd 
bijvoorbeeld een gedistribueerde vochtigheidsdetector gecommercialiseerd.  
Mogelijke toepassingen naar rekmetingen en lokalisatie van schade werden ook 
onderzocht.  Van deze en andere toepassingen worden toepassingen vermeld in de 
Engelse tekst. 
Nadelig is dat ook (in de tijd variërende) intensiteitverschillen die niet te wijten zijn 
aan de te meten parameter (bijvoorbeeld door  vermogensverlies van de bron of in 
connectors), worden gemeten.  Deze verliezen moeten gecompenseerd worden met 
behulp van een referentiemeting waarbij de meetregio wordt kortgesloten, wat 
praktisch echter niet steeds eenvoudig te verwezenlijken is. 
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2.2.3.2 Spectroscopisch meetprincipe 
Sensoren gebaseerd op dit principe vinden voornamelijk toepassing in chemische en 
fysische analysetechnieken.  Basisprincipe is het relateren van veranderingen in een 
ingeleid spectrum van licht (dus kleurwijzigingen) aan de te meten parameter.  Het 
ingeleide licht is rechtstreeks in contact met een staaltje van de te onderzoeken 
materie, of onrechtstreeks door contact met een indicator, en zal door absorptie van 
licht of door luminescentie spectrale wijzigingen vertonen.  Naast de bovenvermelde 
toepassingen wordt ook onderzoek gedaan naar toepassingen in verband met 
temperatuurmetingen, detectie van indringend vocht, volgen van het 
uithardingproces van harsen.  Dit type sensoren is duidelijk niet geschikt voor het 
opvolgen van structurele integriteit in termen van vervormingen of schade. 
Bragg-sensoren doen ook beroep op spectrale wijzigingen maar zullen afzonderlijk 
besproken worden in hoofdstuk 3. 
2.2.3.3 Sensoren gebaseerd op interferometrie 
Deze klasse van sensoren is zonder twijfel de belangrijkste voor  wat het opvolgen 
van de structurele integriteit betreft.  Het principe van interferometrie is dat twee 
lichtbundels afkomstig van dezelfde coherente lichtbron elk een verschillende ‘weg’ 
afleggen, waarvan één beïnvloed wordt door de te meten parameter en een andere 
ervan afgeschermd wordt, en de lichtbundels vervolgens gecombineerd worden.  
Door verschillen in optische weglengte zal een interferentiepatroon ontstaan.  Het 
aantal franjes in dit patroon is dan een aanduiding voor de verstorende parameter.  
Elke franje correspondeert met een verschil in optische weglengte van de halve 
golflengte van het ingeleide licht, zodat een hoge nauwkeurigheid van de metingen 
kan bekomen worden.  Interferometrische sensoren kunnen uitsluitend gebruik 
maken van monomode vezels daar de fase-informatie van propagerend licht in 
multimode vezels direct verloren gaat.  Het grootste probleem bij dit type sensoren 
is dat differentiële drift kan optreden onder invloed van externe parameters 
(verschillend aan deze die men wenst te meten) in de ‘armen’ van de interferometer.  
Het gecommercialiseerde SOFO-systeem is gebaseerd op de Michelson-configuratie 
en wordt veelvuldig gebruikt voor het opvolgen van bouwkundige constructies. 
Naargelang de praktische configuratie van de interferometer (zie Figuur 3) maakt 
men onderscheid tussen een Mach-Zehnder configuratie die voldoet aan de 
bovenstaande beschrijving, een Michelson configuratie waarbij in elke arm van de 
interferometer een spiegel is aangebracht zodat de lichtbundels nogmaals dezelfde 
weg afleggen alvorens terug gecombineerd te worden, en tenslotte een Fabry-Pérot 
configuratie, hieronder iets meer gedetailleerd beschreven.   
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Figuur 3: Overzicht van de verschillende types interferometrische sensoren. 
Zowel de Michelson als de Mach-Zehnder configuratie worden toegepast voor het 
meten van rekken, temperatuur, ….  Nadeel is, voornamelijk als men toepassingen 
beoogt waarbij de sensoren in composietconstructies dienen te worden ingebed, dat 
twee vezels (één voor elke arm van de interferometer) vereist zijn.  Hieraan wordt 
verholpen door de Fabry-Pérot configuratie, welke momenteel kan beschouwd 
worden als de grootste ‘concurrent’ voor de Bragg-sensor. 
In een Fabry-Pérot configuratie worden in de vezel zelf twee spiegels aangebracht 
en er wordt een interferentiepatroon verwezenlijkt door interferentie van de 
lichtstralen die gereflecteerd worden aan deze spiegels (meervoudige reflecties 
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treden op in de luchtspleet tussen deze spiegels).  Wanneer de sensor een 
vervorming ondergaat, verandert de lengte van de luchtspleet en zal inderdaad een 
interferentiepatroon opgemeten worden.  In tegenstelling met de overige 
interferometrische sensoren kunnen met de Fabry-Pérot sensor enkel gelokaliseerde 
metingen verricht worden.  Deze sensoren kunnen vervaardigd worden door stukjes 
vezel met een reflecterende metaalfilm op het eindvlak aan elkaar te ‘lassen’ 
(intrinsieke sensoren), wat echter niet altijd even kwaliteitsvolle sensoren oplevert 
(qua sterkte, kwaliteit van de reflecterende film, …).  Meer gebruikt is de extrinsieke 
vorm (zie Figuur 4) waarbij twee stukjes vezel, al dan niet voorzien van een 
reflecterende laagje op het eindvlak, uitgelijnd en bevestigd worden in bijvoorbeeld 
een capillair buisje met een zekere tussenafstand; hierdoor wordt een luchtspleet 
gecreëerd die de eigenlijke Fabry-Pérot luchtspleet vormt.   
 
Figuur 4: Opbouw van een extrinsieke Fabry-Pérot optische vezel-sensor. 
Het grootste nadeel van deze sensor met betrekking tot toepassing in composieten 
is dat de uitwendige dimensies van de sensor (door het extrinsiek karakter) te groot 
worden om deze zonder al te grote verstoring van het basismateriaal te gaan 
inbedden.  Voor een overzicht van toepassingen betreffende meten van rekken, 
drukken, temperaturen, drukken, vibraties, … wordt de lezer verwezen naar de 
Engelse tekst. 
Eén van de grootste nadelen van interferometrische sensoren was lange tijd dat 
enkel relatieve metingen konden uitgevoerd worden waarbij geen onderscheid kon 
gemaakt worden tussen verkorten of verlengen van de luchtspleet.  Hieraan kan 
verholpen worden door een speciale demodulatie-techniek waarbij een 
laagcoherente breedbandige lichtbron wordt gebruikt en het interferentiesignaal van 
de sensor door een tweede interferometer wordt gestuurd waaruit de zin van de 
vervorming kan opgemeten worden. 
2.2.3.4 Polarimetrische sensoren 
Deze sensoren kunnen gecatalogeerd worden bij het vorige type, maar doen 
specifiek beroep op de ‘dubbelbrekende’ eigenschappen van polarisatiebehoudende 
optische vezels.  Het ingeleide licht wordt aan het begin van de meetzone gesplitst 
in twee loodrecht gepolariseerde modes (met verschillende voortplantingssnelheid), 
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deze ondervinden de invloed van een externe parameter en worden op het einde van 
de zone terug gecombineerd.  Door een verschil in optische weglengte zullen de 
twee modes interfereren en kan uit dit patroon de invloed van de externe parameter 
worden bepaald.  Een aantal toepassingen voor het meten van drukken, vibraties, … 
worden opnieuw vermeld in de Engelse tekst. 
2.3 Haalbaarheid van ingebedde sensoren in composieten 
elementen 
Optische-vezel-sensoren moeten aan een aantal vereisten voldoen, om ze met 
succes te kunnen gebruiken als geïntegreerd monitorsysteem.  Naast een aantal 
algemene vereisten zoals stabiliteit op langere termijn, sensitiviteit, absolute 
metingen en een mogelijks lineair verband met de te meten parameter, zijn er ook 
geometrische vereisten indien men de sensoren wil inbedden, zoals: afmetingen, 
flexibiliteit en weerstand tegen fabricageprocédé.  Uiteraard is een zo laag mogelijke 
kostprijs gewenst van de sensor en van de nodige instrumentatie, en zijn er een 
aantal technische vereisten voor gebruik in situ, met name stevigheid met betrekking 
tot de omgeving, corrosiebestendigheid, eenvoud en betrouwbaarheid van 
aankoppelen aan instrumentatie, duurzaamheid, …  Een aantal van deze zaken 
worden hieronder besproken, specifiek met het oog op toepassingen in constructies 
vervaardigd uit composieten. 
2.3.1 Invloed van een ingebedde optische vezel op mechanische 
eigenschappen 
Daar de diameter van een optische vezel (125 – 250 mm) toch een grootteorde 
hoger is dan deze van de versterkingsvezels in een composiet (typisch 5 à 20 mm), 
kan een zekere lokale verstoring in het vezelpatroon van de composiet optreden.  
Typisch stelt men hierdoor een harsrijke zone vast rond de optische vezel, indien 
deze niet dezelfde oriëntatie heeft als de versterkingsvezels (zie Figuur 5).   
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Figuur 5: Optische vezel (met coating) ingebed in een laminaat [0°/±45°/90°]s tussen de 45°-lagen en 
evenwijdig met de 0°-richting.  Door het grote verschil in richting van de optische vezel en de 
versterkingsvezels, kan de optische vezel niet in de composietlagen ingedrukt worden tijdens het 
vervaardigingsproces, met een grote harsrijke zone als gevolg. 
Deze materiële verstoring zal ook een zekere verstoring in de distributie van de 
interne spanningen (en rekken) in die zone veroorzaken, wat betekent dat enerzijds 
de gemeten vervormingen zullen afwijken van het globaal vervormingveld en dat 
anderzijds de structurele integriteit van composiet en/of sensor kan aangetast 
worden.  Onder zware statische belastingen, dynamische belastingen of vermoeiing 
kunnen mogelijks delaminaties van de composiet op die plaats geïnitieerd worden.  
Deze problemen kunnen vermeden worden door de keuze van een goede 
positionering, best evenwijdig met de versterkingsvezels. 
De invloed van een ingebedde vezel op de (statische) sterkte-eigenschappen van een 
composiet is van groot belang, daar deze eigenschappen basisparameters zijn tijdens 
het ontwerp van een constructie.  De in de literatuur vermelde experimentele 
resultaten zijn soms tegenstrijdig maar er kunnen toch een aantal algemene 
conclusies worden afgeleid.  Zolang de optische vezels ingebed worden in de 
richting van de versterkingsvezels, is er geen (merkbare) invloed op de sterkte-
eigenschappen (trek, druk of buiging).  De waargenomen reducties in sterkte-
eigenschappen voor optische vezels ingebed volgens verschillende oriëntaties zijn, 
wat trekproeven betreft, in de meeste gevallen in dezelfde grootteorde als de 
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normale spreiding op deze eigenschappen.  Een afname van de sterkte-
eigenschappen (en ook de stijfheideigenschappen) wordt slechts wezenlijk merkbaar 
wanneer (meerdere) optische vezels loodrecht op de versterkingsvezels zijn ingebed 
en loodrecht op de aangrijpingsrichting van de belasting georiënteerd zijn.  De 
invloed van de harsrijke zones (lensvormig) ligt aan de basis van deze verschillen.  
Belast in druk hebben deze de neiging zich verder te willen openen waardoor schade 
geïnitieerd wordt aan de uiteinden van deze “lensjes”, terwijl ze als het ware 
toegetrokken worden bij belasting in trek. 
Vermoeiingsproeven op laminaten met de optische vezel volgens de richting van de 
versterkingsvezels vertonen geen snellere degradatie door de aanwezigheid van de 
optische vezel.  Wijzigende oriëntaties en de vezel loodrecht op de aangrijpende 
belasting leidt tot sneller afnemende stijfheid van het composietmateriaal.  
Impactproeven met optische vezels van verscheidene diameters geven aan dat geen 
merkbare invloed wordt waargenomen voor wat de omvang en verdeling van de 
aangebrachte schade betreft.  Bij meerdere ingebedde vezels wordt wel een toename 
van de omvang van de schade aangetroffen. 
Voor vezels met een uitwendige diameter van slechts 125 mm blijkt uit 
microscoopopnames dat de verstoring van het composietmateriaal uiterst miniem is.  
Voor de optische vezel evenwijdig aan de versterkingsvezel blijkt breuk op te treden 
op een plaats onafhankelijk van de ingebedde vezel, terwijl voor laminaten met de 
optische vezel loodrecht op de versterkingsvezels de breuk geïnitieerd wordt in de 
harsrijke zone.  Het is aan te raden om alle beschermmantels van de vezel te 
verwijderen, op zijn minst in de buurt van het sensorgedeelte. 
2.3.2 Verandering van de optische eigenschappen onder invloed van 
het uithardingproces van het composietmateriaal. 
2.3.3 Keuze van coating 
Optische vezels zijn normalerwijze beschermd door een vaste mantel vervaardigd 
uit polyimide of acrylaat.  De polyimide mantel is in vergelijking met acrylaat veel 
stijver maar meestal dunner uitgevoerd.  Deze stijvere mantel geeft aanleiding tot 
hogere interne spanningen in de glasvezel en lijkt dus minder geschikt om te worden 
ingebed in composieten.  Enkel voor fabricatie in autoclaaf bij zeer hoge 
temperaturen en drukken kunnen problemen vastgesteld worden met de acrylaat-
mantels. 
2.3.4 Uitleiden en verbinden van ingebedde sensoren 
Een belangrijk probleem bestaat erin de optische vezels op een veilige manier uit het 
composietmateriaal te leiden.  Enerzijds is er het probleem dat de plotse overgang 
van een zeer stijf composiet naar een flexibele vezel aanleiding geeft tot een groot 
gevaar voor breuk van de vezel bij behandeling, en anderzijds dat elke extra 
bescherming ook bijkomende verstoring van het composietmateriaal inhoudt.  Een 
ander aandachtspunt betreft de eenvoud en betrouwbaarheid van de verbinding van 
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de vezel met de instrumentatie gebruikt voor het ‘uitlezen’ van de sensoren.  De 
connectors die typisch gebruikt worden in de telecommunicatie-sector zijn uitermate 
precies maar niet direct bestand tegen de ‘agressieve’ omstandigheden tijdens de 
fabricage van composieten; ze zijn bovendien vrij omvangrijk om rechtstreeks 
ingebed te worden in dunne laminaten. 
Wanneer een onbeschermde vezel is ingebed in een composiet op basis van prepreg, 
zal tijdens de fabricatie in een autoclaafcyclus in een eerste fase hars uitvloeien rond 
de vezel, wat na uitharden een plaatselijke brosser worden van de vezel veroorzaakt.  
Voor laboratoriumtoepassingen wordt daarom een beschermmantel (kunststof of 
metaal) gedeeltelijk mee ingebed ter bescherming.  In praktijkomstandigheden kan 
het uitleiden van de vezel langs de zijkant voor problemen zorgen, daar de 
vervaardigde elementen veelal nog tot de juiste afmetingen afgewerkt dienen te 
worden en/of met andere elementen te worden verbonden. 
In de Engelse tekst worden een aantal mogelijkheden getoond waarbij commerciële 
connectors rechtstreeks worden ingebed, en warbij ook de vezels volgens de 
dikterichting uit het vlak worden geleid.  Deze technieken zijn echter 
(onaanvaardbaar) arbeidsintensief en lijken enkel uitvoerbaar in labomstandigheden. 
3 OPTISCHE VEZELS MET BRAGG-SENSOREN 
3.1 Definitie en werkingsprincipe 
Hill en medewerkers ontdekten, bij toeval, in 1978 het ontstaan van een Bragg-
rooster in een monomode optische vezel met gedopeerde kern als gevolg van de 
fotosensitieve eigenschap ervan (dit is de gevoeligheid van de brekingsindex aan 
UV-straling).  De grote doorbraak kwam pas in 1989 toen Meltz en zijn 
medewerkers een praktische methode demonstreerden voor het aanbrengen van een 
permanente verandering in brekingsindex in de kern van een optische vezel.  Door 
twee zijdelings invallende UV-lichtbundels afkomstig van dezelfde coherente 
lichtbron te laten interfereren ter hoogte van de kern van de vezel wordt een 
plaatselijk franjepatroon gegenereerd met als gevolg een permanente wijziging van 
de brekingsindex in de vorm van een periodisch patroon.  Deze permanente en 
periodische modulatie van de brekingsindex van de kern van een optische vezel 
wordt Bragg-rooster genoemd. 
Het werkingsprincipe van een optische vezel met ingeschreven Bragg-rooster is 
weergegeven in Figuur 6.  Wanneer nu licht afkomstig van een breedbandige 
lichtbron in een optische vezel met Bragg-rooster wordt ingeleid, zal een smal 
spectrum gereflecteerd worden; de centrale golflengte hiervan wordt Bragg-
golflengte genoemd.  De rest van het ingeleide licht propageert verder door de vezel. 
Structural monitoring of composite elements using optical fibres with Bragg-sensors. 
xx 
 
Figuur 6: Schematische weergave van een Bragg-rooster in een optische vezel.  Wanneer licht van een voldoend 
breedbandige lichtbron wordt ingekoppeld, zal een smal spectrum gereflecteerd worden en de rest van het 
ingekoppelde licht propageert verder doorheen de optische vezel. 
Een Bragg-rooster is dus in feite een golflengteselectieve spiegel.  De waarde van de 
Bragg-golflengte (lB) is rechtstreeks evenredig met de effectieve brekingsindex van 
de vezel (neff) en met de periode van het Bragg-rooster (L): 
2B effnl = L . 
3.2 Theoretische beschouwingen omtrent Bragg-roosters in 
optische vezels 
Een uitgebreide theoretische studie van lichtvoortplanting doorheen een Bragg-
rooster in een optische vezel wordt beschreven door de zogenaamde gekoppelde-
mode-theorie.  Hieruit kan een uitdrukking worden bekomen voor de 
reflectiekarakteristiek van het Bragg-rooster.  Het blijkt dat hoe langer het Bragg-
rooster is, hoe hoger de maximale reflectie zal zijn en hoe smaller de 
overeenkomstige reflectiekarakteristiek.  Een stijging in het brekingsindexverschil 
tussen kern en mantel veroorzaakt dezelfde gevolgen.  Daarnaast bestaan er ook 
steeds kleinere nevenpieken die, vooral voor telecommunicatietoepassingen, storend 
kunnen zijn. 
3.3 Vervaardiging van Bragg-roosters in optische vezels 
3.3.1 Longitudinale methode of intern ‘schrijven’ 
Deze methode wordt niet (meer) gebruikt voor de vervaardiging van Bragg-roosters 
maar wordt wel vermeld omwille van het historisch belang.  Hill en zijn 
medewerkers stelden vast dat wanneer intens zichtbaar licht (afkomstig van een 
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Argonlaser) in een gedopeerde vezel werd ingeleid, er een beduidende stijging van 
het teruggekaatste vermogen optrad in functie van de tijd.  Als gevolg van de 
reflectie (4%) op het eindvlak van de vezel en interferentie met de ingeleide golf, 
ontstond een staande-golf-patroon in de vezel waardoor een in de tijd groeiende 
permanente (en periodische) brekingsindexverandering optrad. 
3.3.2 Holografische methode of zijdelings ‘schrijven’ 
Pas een decennium later werd het curiosum ‘Bragg-roosters’ een volwaardige 
optische component.  Meltz en zijn medewerkers slaagden er toen immers in Bragg-
roosters met centrale golflengtes rond 1300 nm en 1550 nm te schrijven.  Zoals in 
paragraaf 3.1 aangehaald, ontwikkelden ze een techniek waarbij een 
interferentiepatroon van twee, zijdelings invallende, coherente UV-bundels (typisch 
rond 244 nm) in de kern wordt gevormd.  Met hun opstelling slaagden ze erin de 
roosterconstante (en dus de centrale golflengte van het Bragg-rooster) te ‘tunen’, wat 
de doorbraak voor de Bragg-roosters betekende.  Nadeel van de techniek is de 
noodzaak voor hoogcoherente laserbronnen, de tijdrovende uitlijning van de 
optische componenten en de hoge gevoeligheid aan trillingen waardoor kleine 
distorsies van het Bragg-rooster kunnen optreden. 
3.3.3 Fasemasker 
Een fasemasker is een fysisch rooster, gevormd door etsen, op een silicaatsubstraat.  
Loodrecht invallend UV-licht wordt opgesplitst in verscheidene diffractieordes, 
waarvan de orde –1 en +1 het meeste vermogen bevatten.  Het rooster is zeer dicht 
gepositioneerd bij de optische vezel en het interferentiepatroon van de twee ordes 
veroorzaakt een Bragg-rooster in de vezel met de halve periode van het fasemasker.  
Elke Bragg-golflengte vereist een ander pacemaker, maar een hoge kwaliteit en een 
eenvoudige opstelling zijn inherente voordelen.  Deze technologie betekende een 
verdere doorbraak voor de Bragg-roosters daar nu een eenvoudige methode werd 
bekomen met mogelijkheden voor massaproductie.  
In de Engelse tekst wordt kort nog het gebruik van gepulste lasers aangehaald en de 
mogelijkheid om Bragg-roosters te schrijven doorheen de polymeer 
beschermmantel. 
3.4 Toepassingen in optische telecommunicatie 
Dankzij hun golflengteselectieve karakter kunnen Bragg-roosters voordelig worden 
aangewend in een aantal telecommunicatietoepassingen, waarvan een kort overzicht 
wordt gegeven in de Engelse tekst. 
3.5 Bragg-sensoren 
3.5.1 Rek- en temperatuursgevoeligheid 
Vooraf dient opgemerkt dat in deze paragraaf rek dient te worden begrepen als 
axiale rek, dus in de lengterichting van de vezel.  Zoals hoger aangehaald is de 
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Bragg-golflengte rechtstreeks evenredig met de (effectieve) brekingsindex en met de 
periode van het rooster.  Wanneer het Bragg-rooster wordt onderworpen aan een 
mechanische rek zal uiteraard de periode van dit rooster veranderen door verkorten 
of verlengen van de vezel, maar ook de brekingsindex zal door interne spanningen 
veranderen.  Er kan worden aangetoond dat de relatieve verschuiving in Bragg-
golflengte lB (de golflengteverschuiving ten opzichte van een referentiewaarde 
gedeeld door diezelfde referentiewaarde) lineair evenredig is met de aangelegde rek 
De , volgens: 
( )1B B Pl l eD = - D  
met P de zogenaamde rek-optische constante (P » 0,21). 
In het golflengtegebied rond 1300 nm kan een verschuiving van ongeveer 1 pm 
verwacht worden ten gevolge van 1 me  rek (dit stemt overeen met een 
lengteverandering van 10-6 mm/mm); in het golflengtegebied rond 1550 nm is dit 
ongeveer 1,2 pm/me . 
Analoge besluiten gelden voor de afhankelijkheid van de Bragg-golflengte ten 
opzichte van de temperatuur.  Een wijziging in temperatuur veroorzaakt een rek ten 
gevolge van thermische uitzetting, maar de brekingsindex is ook 
temperatuurafhankelijk.  Het uiteindelijk verband tussen relatieve 
golflengteverschuiving en temperatuurswijziging DT wordt voornamelijk bepaald 
door de wijzigende brekingsindex maar is opnieuw lineair: 
B B Tl l bD = D  
met b de zogenaamde thermo-optische constante (b » 8,6 x 10-6). 
Richtwaarden voor de verschuiving zijn 12 pm in het golflengtegebied rond 1300 
nm en 14 pm in het gebied rond 1550 nm,  telkens voor 1 °C temperatuurswijziging. 
Naar toepassingen toe, zal het dus van belang zijn om één van de twee parameters 
(mechanische rek en temperatuur) te kunnen ‘kortsluiten’, of door extra metingen de 
beide invloedsfactoren te kunnen begroten. 
Een zeer belangrijke gevolgtrekking van bovenstaande discussie is dat mechanische 
rek (of temperatuur) rechtstreeks gerelateerd is aan een golflengte, welke een 
absolute parameter is.  Indien de metingen onderbroken worden, opzettelijk of 
onvrijwillig, vormt dit geen probleem voor het vervolg van de metingen (er is 
bijvoorbeeld geen nieuwe kalibratie nodig zoals het geval is voor klassieke 
rekstrookjes).  De metingen zijn ook onafhankelijk van schommelingen in 
lichtvermogen (door fluctuaties van de lichtbron, verliezen in connectors, …) wat 
van groot belang is voor lange-termijnproeven.  Door verscheidene Bragg-roosters 
met onderscheiden Bragg-golflengtes aan te brengen in één enkele vezel, komt men 
tot de zeer gunstige situatie dat met één vezel verscheidene meetpunten kunnen 
bemonsterd worden (dit wordt multiplexing genoemd). 
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3.5.2 Gevoeligheid voor een meerdimensionaal vervormingpatroon 
In de bovenstaande paragraaf werd de rek-afhankelijkheid van een Bragg-sensor 
besproken voor een zuivere axiale belasting.  Een Bragg-sensor is echter ook 
gevoelig voor spanningen die niet langs de vezelas zijn gericht.  De afhankelijkheid 
van een meerdimensionale spanningstoestand wordt aangehaald in deze paragraaf.  
De wiskundige formuleringen hiervan zijn terug te vinden in de Engelse tekst. 
Volgens het zogenaamde foto-elastisch effect in een materiaal veroorzaakt een 
vervormingveld, beschreven door de rek-tensor, wijzigingen in de brekingsindices 
(in de drie dimensies) van het materiaal.  Deze relatie wordt beschreven door een 
zogenaamde ‘rek-optische’ tensor.  Simulatie van een zuiver axiale belasting van de 
vezel leidt tot dezelfde betrekking als in de vorige paragraaf (ontwikkeld door Butter 
en Hocker). 
3.5.3 Gevoeligheid voor meerdimensionale vervormingen 
De hierboven aangehaalde formule die het verband geeft tussen 
golflengteverschuiving en aangelegde rek, is enkel geldig voor een pure uni-axiale 
verlenging van de optische vezel met Bragg-rooster.   Een gedetailleerde discussie 
omtrent het effect van meerdimensionale vervormingen wordt gegeven in 
hoofdstuk 8. 
3.6 Demodulatie-technieken 
Zoals hierboven aangehaald, veroorzaakt een (zuiver axiale) rek van 1 me  slechts een 
golflengteverschuiving van ongeveer 1 pm.  De detectie van dergelijke kleine 
verschuivingen van de Bragg-golflengte vormt dan ook een belangrijke uitdaging.  
Mogelijke demodulatie-technieken worden hieronder kort aangehaald, voor meer 
details en relevante literatuur wordt de lezer naar de Engelse tekst verwezen. 
3.6.1 Passieve breedbandige interrogatie: filter-technieken 
Breedbandig licht wordt in de vezel ingeleid en het teruggekaatste licht (smal 
spectrum) wordt via een koppelaar naar een detectiesysteem gestuurd.  Dit noemt 
men passieve breedbandige interrogatie.  Het eigenlijke detectiesysteem kan 
opgebouwd zijn uit bijvoorbeeld optische filtercomponenten en golflengte-
afstembare (smalbandige) filters.  Wanneer gebruik gemaakt wordt van optische 
filtercomponenten, wordt het vermogen van het spectrum enerzijds rechtstreeks 
opgemeten met een fotodetector en anderzijds na propagatie door de 
filtercomponent; door eenvoudige elektronische verwerking van de beide signalen 
wordt een uitgangssignaal bekomen dat rechtstreeks evenredig is met de te meten 
rek.  Bij golflengte-afstembare filters bestaat het principe erin dat ofwel een 
welbepaald spectrum (waarbinnen het Bragg-signaal wordt verwacht) continu wordt 
afgescand, ofwel wordt met behulp van elektronische verwerking de filter als het 
ware vastgehecht aan het Bragg-signaal en kan aldus het verloop van de Bragg-
golflengte worden bekomen.  Andere mogelijkheden besproken in de Engelse tekst 
zijn een interferometrische filtertechniek (waarbij het Bragg-signaal doorheen een 
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niet-gebalanceerde interferometer gestuurd wordt), een Bragg-rooster met 
veranderlijke periode als filter, en een filter op basis van een rooster gelijkaardig aan 
een Bragg-rooster maar met grote periode. 
3.6.2 Passieve smalbandige interrogatie: golflengte-afstembare laser 
Deze techniek is qua concept zeer eenvoudig.  Een golflengte-afstembare laser scant 
een zeker spectrum af en ondertussen wordt het gereflecteerde of doorgelaten 
vermogen gemeten. 
3.6.3 Actieve interrogatie 
Hier wordt het Bragg-rooster gebruikt als één van de spiegels van een laser-caviteit 
en de opgewekte lasergolflengte is de eigenlijke output van het systeem.  Rek 
opgelegd aan de Bragg-sensor zal voor wijzigingen van deze golflengte zorgen die 
met de hierboven besproken technieken kan bepaald worden. 
3.6.4 Temperatuurscompensatie 
Zoals hoger vermeld, wordt het Bragg-signaal beïnvloed door zowel rek als 
temperatuur.  Een aantal mogelijkheden om deze parameters van elkaar te scheiden 
worden hieronder opgesomd.  De Bragg-sensor kan aangebracht worden in een 
temperatuurcompenserende verpakking, waarbij wijzigingen in Bragg-golflengte 
onder invloed van temperatuur gecompenseerd worden door wijzigingen in 
afmetingen van de verpakking, overgedragen op de sensor als mechanische rek.  
Andere mogelijkheden zijn, twee Bragg-sensoren te gebruiken waarvan één 
geïsoleerd is van mechanische rek (bijvoorbeeld met één uiteinde vrij aangebracht in 
een capillair buisje), twee Bragg-sensoren met verschillende afhankelijkheden van 
rek en temperatuur (bij sterk verschillende centrale golflengtes); ook de combinatie 
van een Bragg-sensor met een Fabry-Pérot type sensor werd gedemonstreerd voor 
dit doeleinde. 
3.7 Sensortoepassingen 
De volgende paragrafen vermelden toepassingen van Bragg-sensoren zoals deze in 
de literatuur teruggevonden werden.  Hieronder wordt een summier overzicht 
gegeven van de gemeten grootheden; de geïnteresseerde lezer wordt verwezen naar 
de Engelse tekst voor een meer gedetailleerde beschrijving en de referenties. 
3.7.1 Burgerlijke bouwkunde 
Deze betreffen voornamelijk toepassingen op betonnen elementen in laboratorium 
en een aantal geïnstrumenteerde bruggen.  Sensoren worden rechtstreeks in of aan 
het beton bevestigd, of worden geïntegreerd in de wapening (staal of composiet).  
Een andere vermeldenswaardige toepassing betreft de opvolging van vervormingen 
van tunnels in een zoutmijn. 
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3.7.2 Toepassingen in composietconstructies 
Rekmetingen werden uitgevoerd op laminaten en sandwichpanelen, maar ook 
praktijktoepassingen werden gepubliceerd zoals de uitrusting van de romp van een 
boot met sensoren voor het detecteren van de werkelijke belastingen die een boot 
op zee ondervindt, de instrumentatie van een composieten sluisdeur en de mast van 
een boot. 
3.7.3 Andere toepassingen 
Andere mogelijke toepassingen die in de literatuur teruggevonden werden, betreffen 
het meten van ultrasone signalen, dynamische vervormingen op een metalen 
geweerloop, de meting van hoge elektrische spanningen (door gepaste omvormer), 
de meting van drukken.  Een rozet werd ontworpen voor gelijktijdige meting van 
vervormingen in drie richtingen. 
3.8 Varia 
3.8.1 Roosters in andere types vezels 
Recent werd melding gemaakt van de vervaardiging van Bragg-roosters in 
multimode vezels en ook in polymeer optische vezels.  Vooral Bragg-sensoren op 
basis van multimode vezels zouden interessant kunnen zijn omdat deze gebruik 
kunnen maken van eenvoudiger (en dus goedkoper) optische componenten en nog 
steeds dezelfde uitwendige diameter hebben als de monomode vezels. 
3.8.2 Toekomstperspectieven 
Een recente marktstudie voorspelt een snel groeiende marktwaarde van 
toepassingen op basis van optische vezels met Bragg-roosters.  Tegen het eind van 
het decennium wordt een snelle groei in de sensortoepassingen verwacht met een 
uiteindelijk aandeel van ongeveer 36 % in de Bragg-toepassingen.  Belangrijkste 
spelers op de markt zijn Noord-Amerika, Japan en Europa. 
4 OPVOLGEN VAN MECHANISCHE REK IN 
EENVOUDIGE COMPOSIETLAMINATEN 
4.1 Rek- en temperatuursafhankelijkheid van een Bragg-sensor 
4.1.1 Proefopstellingen 
Er werden twee grondig verschillende proefopstellingen gebruikt voor de 
experimenten beschreven in deze en volgende paragrafen; een zogenaamde lokale 
opstelling en een ‘remote’ opstelling.  In de initiële ‘remote’ opstelling (zie Figuur 7) 
wordt gebruik gemaakt van een optische spectrum analyser (OSA) met een 
ingebouwde zeer breedbandige lichtbron van de vakgroep INTEC voor de 
interrogatie van de Bragg-sensoren en de registratie van het teruggekaatste spectrum. 
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Figuur 7: Schematisch overzicht van de ‘remote’ proefopstelling. 
Deze apparatuur is opgesteld in een laboratoriumruimte van INTEC terwijl de 
proeven doorgaan in de laboratoria van de vakgroep Mechanische Constructie en 
Productie (3 verdiepingen lager).  Hiervoor werd een optische link (uiteraard 
monomode vezel) van zo’n 200 m geïnstalleerd tussen de beide lokalen.  De 
eigenlijke sturing van de proeven gebeurt via een PC in hetzelfde lokaal als de 
proefopstelling.  Communicatie van deze PC met de OSA (aanpassen instellingen, 
opslag gemeten spectra) gebeurt via een tweede (multimode) optische link.  De PC 
is verder via een data-acquisitie-kaart verbonden met de proefopstelling voor het 
uitlezen van bijvoorbeeld thermokoppels.  De software voor sturing en registratie 
werd volledig ontwikkeld in LabViewTM.  Op deze manier werd een proefopstelling 
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verwezenlijkt bestaande uit 3 componenten (PC, eigenlijke proefopstelling, OSA) 
waarvan de onderlinge locatie duidelijk onafhankelijk is.  De vlag ‘remote set-up’ 
dekt dus zeker de lading en is zeer interessant voor praktijktoepassingen.  De OSA 
is een uiterst performant instrument dat toelaat het volledige spectrum van de 
Bragg-sensor te registreren, waardoor de metingen weliswaar langzaam verlopen en 
enkel statische proeven mogelijk zijn.  Daar de OSA een basisinstrument is voor 
INTEC en dat het ook de optische kamer niet mag verlaten, werd geopteerd een 
eigen gecommercialiseerd demodulatie-instrument (genaamd FOGSI) aan te 
schaffen.  De lokale opstelling duidt dan ook op de proefnemingen waarin zowel 
PC, eigenlijke proefopstelling en demodulatie-instrument in hetzelfde lokaal zijn 
gepositioneerd.  Er dient te worden opgemerkt dat beide toestellen (OSA en 
FOGSI) doorheen het onderzoek door elkaar werden gebruikt in functie van de 
beoogde doelstellingen. 
Elke sensor dient vooraf ‘gekalibreerd’ te worden voor wat de afhankelijkheid van 
mechanische rek en temperatuur betreft.  Er kunnen immers onderlinge verschillen 
optreden, zij het tamelijk gering, door verschillen in de glassamenstelling, kwaliteit 
van het Bragg-rooster en de corresponderende centrale golflengte. 
4.1.2 Temperatuursafhankelijkheid 
De temperatuursafhankelijkheid van Bragg-sensoren (met een Bragg-golflengte rond 
1300 nm) werd eerst bestudeerd met behulp van de ‘remote’ opstelling.  Zoals 
voorspeld door de theorie schuiven de Bragg-spectra op naar hogere golflengtes bij 
toenemende temperatuur (zie Figuur 8).   
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Figuur 8: Gereflecteerde spectra van een Bragg-sensor onderworpen aan temperaturen van 32°C, 50°C en 
73°C in de ‘remote’ proefopstelling. 
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Bij de ‘remote’ opstelling vertonen de gemeten spectra wel een grote graad van ruis, 
welke te wijten is aan de laagvermogen lichtbron, vermogenverlies door de 
connectors en optische lassen langsheen de link en het gebruik van een 3dB-
koppelaar waarin het  licht bij elke doorgang opgesplitst wordt in twee lichtbundels 
met elk de helft van het vermogen.  Door dit laag vermogen wordt de invloed van 
ruis inderdaad snel van groot belang en kan de eigenlijke Bragg-golflengte niet altijd 
rechtstreeks aan de golflengte met maximaal vermogen gekoppeld worden.  Een 
wiskundige filtertechniek leidt tot een ruisvrije (benaderende) representatie van het 
opgemeten signaal zodat een duidelijke piek kan onderscheiden worden.  De Bragg-
golflengte wordt op twee verschillende manieren bepaald: enerzijds als de golflengte 
waarbij de maximale reflectie optreedt, en anderzijds als gemiddelde van de twee 
golflengtes waarbij de helft van het vermogen teruggekaatst wordt.  Deze laatste 
benadering blijkt robuuster in de gevallen waar de spectra sterke ruispieken vertonen 
en de vorm van het gefilterde spectrum hierdoor overeenkomstig sterk vervormd 
wordt. 
Ondanks de niet geringe invloed van ruis kan een goede lineaire afhankelijkheid van 
de Bragg-golflengte in functie van de temperatuur vastgesteld worden (zie Figuur 9).  
Er worden temperatuurscoëfficiënten (dit is de verhouding van relatieve 
golflengteverschuiving tot temperatuursverschil) teruggevonden in de grootteorde 
6,3 à 6,7 x 10-6 °C-1 (of een golflengteverschuiving van ongeveer 9 pm/°C) wat zeer 
goed overeenstemt met de door de producent vooropgestelde waarde van 6,5 x 10-6 
°C-1.   
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Figuur 9: Relatieve verschuiving in Bragg-golflengte als functie van temperatuurswijziging (tussen 35°C en 
60°C). 
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Latere proeven op andere sensoren in de ‘lokale’ opstelling (geen invloed meer van 
ruis) leiden tot een duidelijk perfect lineair verband en leveren waarden op voor de 
temperatuurscoëfficiënt van ongeveer 6,2 x 10-6.  Over alle proeven heen varieerden 
de temperaturen van kamertemperatuur tot maximaal 80 °C. 
4.1.3 Rek-afhankelijkheid 
De rek-afhankelijkheid van de Bragg-sensoren werd bepaald in een proefstand 
waarbij de vezel over drie kunststofringen wordt geleid, en waarbij gekalibreerde 
gewichten aan de onderste kunststofring opgehangen worden.  De vezel is in 
evenwicht door wrijving met het ruw gemaakt oppervlak van de bovenste ringen 
waarrond de vezel een aantal malen werd gewikkeld.  Stijgende belasting leidt, zoals 
verwacht, tot een stijging in Bragg-golflengte en dit voor alle sensoren op perfect 
lineair wijze (zie Figuur 10).  Op deze wijze kon voor elke Bragg-sensor een rek-
coëfficiënt bepaald worden als de verhouding van de relatieve 
golflengteverschuiving tot de aangelegde rek.  De rek-coëfficiënten waren telkens tot 
op het derde beduidende cijfer gelijk aan de door de fabrikant bepaalde waarde. 
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Figuur 10: Trekproef op een optische vezel met Bragg-sensor waarbij een vervorming van 1% wordt 
bekomen; de berekende Bragg-rek is weergegeven in functie van de aangelegde rek. 
4.2 Gelamineerde composietplaatjes met ingebedde Bragg-
sensoren 
4.2.1 Autoclaaftechniek als fabricatieproces 
De composietplaatjes werden vervaardigd uitgaande van prepreg-materiaal ter 
beschikking gesteld door SP-Systems (Engeland).  Prepreg is de aanduiding voor een 
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basismateriaal waarvan de versterkingsvezels (in dit geval koolstof) reeds vooraf zijn 
geïmpregneerd met hars dat zich in een gedeeltelijke polymerisatietoestand bevindt.  
Hieruit kunnen stukken gesneden worden volgens de gewenste vezelrichting die na 
stapeling een laminaat vormen.  Dit laminaat wordt verder uitgehard (polymerisatie) 
in een autoclaaf waar het aan een temperatuurscyclus en een drukcyclus wordt 
onderworpen.  Een uitgebreider beschrijving van de autoclaaftechniek en de 
gebruikte cycli is beschreven in de Engelse tekst.  Er werd gebruik gemaakt van uni-
directionele prepreg (waarbij de continue vezels gelijkgericht zijn). 
4.2.2 Vervaardiging van gelamineerde plaatjes met ingebedde optische 
vezels 
Tijdens het stapelen van de verscheidene laagjes wordt de optische vezel op de 
gewenste positie tussen twee lamina aangebracht.  De vezel is georiënteerd volgens 
de vezelrichting van één van deze lamina.  Deze vezel wordt eerst grondig gereinigd 
(om resten water, vet, … te verwijderen die een slechte binding met de matrix 
zouden veroorzaken) en na positionering worden de laagjes sterk aangedrukt, zeker 
rond de vezel, zodat lokale verstoring van het materiaal zoveel mogelijk vermeden 
wordt.  Een zwak punt is zoals hoger aangehaald de plaats waar de optische vezel uit 
de plaat wordt geleid.  Een interessante oplossing bestaat uit het mee inbedden van 
een connector, maar dit heeft als mogelijk nadeel (voor praktijktoepassingen) dat de 
vlakke vorm van de plaat verstoord wordt.  Dit kan opgelost worden door het aantal 
laagjes composiet en hun breedte lokaal gradueel te laten afnemen en in deze 
geleidelijk slapper wordende overgangszone de vezel met een kunststof 
beschermmantel te omringen.  Op deze manier wordt de zeer bruuske overgang van 
stijf composiet naar slappe vezel vermeden.  Voor de plaatjes gebruikt in de 
volgende proeven werd verkozen de vezels in hun naakte vorm uit de plaatjes te 
leiden en ze plaatselijk te beschermen met een beschermmantel en een laagje 
spuitsilicone; de hierboven voorgestelde techniek zou immers een te grote invloed 
hebben op de stijfheid van de relatief kleine plaatjes. 
4.2.3 Haalbaarheidsstudie van ingebedde sensoren en het FOGSI 
demodulatie-instrument aan de hand van driepunts-buigproeven 
De vervaardigde plaatjes zijn 250 mm lang, 30 mm breed en ongeveer 2 mm dik met 
een stapelvolgorde [0/+15/-15/90]s (de getallen duiden op de hoek die de 
versterkingsvezels maken met de lengterichting van het plaatje en de index s duidt 
op een symmetrische herhaling van deze opbouw).  De optische vezel bevindt zich 
tussen de laagjes met oriëntatie 0° en +15° en het sensorgedeelte bevindt zich 
ongeveer in het midden van de plaat.  De proeven werden uitgevoerd op een 
universele proefmachine met bijhorende driepunts-buigopstelling.  Er werden 
proeven uitgevoerd met de sensoren zowel aan druk als aan trek onderworpen, en 
dit voor verschillende waarden van de afstand tussen de oplegpunten.  Deze 
proeven dienen geïnterpreteerd te worden als een eerste stap in een 
haalbaarheidsstudie van ingebedde sensoren in combinatie met het aangekochte 
FOGSI uitleestoestel, en dit in termen van stabiliteit (terugkeren naar beginwaarde 
na ontlasten) en herhaalbaarheid (zelfde variatie in tijd voor identieke proeven) van 
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de metingen.  Daar driepuntsbuiging wordt opgelegd zal het Bragg-rooster een 
(asymmetrische) niet uniforme rek ondergaan en het Bragg-spectrum een zekere 
vervorming ondergaan.  Een bepaling van de aangelegde rek vereist een analyse van 
het volledige spectrum, maar het FOGSI uitleestoestel meet enkel de piekgolflengte 
van het signaal.  De absolute waarden van Bragg-metingen zullen in een volgende 
paragraaf aan de hand van vierpuntsbuiging bestudeerd worden. 
Een reeks van zeven proeven met verschillende afstanden tussen de oplegpunten 
van de plaat, en de Bragg-sensor onderworpen aan trekspanning toont aan dat het 
Bragg-signaal telkens terugkeert naar perfect dezelfde waarde, dit binnen de 
accuraatheid van het demodulatie-instrument, zijnde ongeveer 5 pm of dus ongeveer 
5 me (zie Figuur 11).   
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Figuur 11: Overzicht van de resultaten van driepuntsbuigproeven uitgevoerd op een composietplaatje met de 
ingebedde Bragg-sensor onderworpen aan trekspanning, voor verscheidene afstanden tussen de steunpunten.  
Alle proeven werden uitgevoerd aan dezelfde ‘vervormingssnelheid’. 
Het verloop van de Bragg-golflengte tijdens de proef weerspiegelt perfect het 
verwachte mechanisch gedrag van de plaatjes (stijver voor kortere oplegafstanden en 
niet-lineair verloop bij grote vervormingen in vergelijking met de dikte van het 
plaatje).  Dezelfde besluiten kunnen getrokken worden uit de resultaten van de 
proeven met de Bragg-sensor onderworpen aan drukspanningen.  De curven 
golflengte in functie van de tijd vertonen echter wel sterkere niet-lineariteiten in 
vergelijking met de vorige proeven in trek wat meer dan waarschijnlijk te wijten is 
aan het feit dat tijdens deze proeven de drukstempel bijna rechtstreeks op de Bragg-
sensor drukt (deze ligt immers net onder het oppervlak).  De resultaten van deze 
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proeven zijn een eerste aanduiding van de stabiliteit van de Bragg-sensoren in 
combinatie met het demodulatie-instrument. 
Nadien werden drie experimenten met de sensor in trek herhaald, dit met dezelfde 
afstand tussen de oplegpunten en dezelfde snelheid.  Vergelijking van de 
verschillende curven golflengte vs. tijd toont een perfecte overeenkomst over de 
volledige tijdsduur en voor alle proeven.  Uit al deze proeven kan besloten worden 
dat een perfecte stabiliteit en herhaalbaarheid van de metingen kan gegarandeerd 
worden voor de ingebedde Bragg-sensoren in combinatie met het commerciële 
demodulatie-instrument. 
4.2.4 Rekmetingen tijdens vierpunts-buigproeven. 
De composietplaatjes gebruikt in deze paragraaf hebben een lengte van 200 mm, 
een breedte 30 mm en zijn 2,1 mm dik en een zelfde stapelingsvolgorde als deze in 
de vorige paragraaf.  Om mogelijke verstoring van de Bragg-metingen door de 
aangrijpende drukstempels te vermijden, werden de vezels ingebed tussen de +15° 
en de –15°-laag met de sensor in het midden van de plaat (zowel in breedterichting 
als in lengterichting).  De buigproeven werden uitgevoerd op een speciaal hiertoe 
ontworpen opstelling waarbij de doorbuiging (en dus kracht) op een manuele wijze 
ingesteld wordt en perfect behouden blijft.  Onderaan de plaat is een 
verplaatsingsmeter (LVDT) aangebracht waarmee de doorbuiging in het midden van 
de plaat wordt gemeten.  Op basis van de linear-elastische balktheorie werd  een 
éénduidig verband tussen deze doorbuiging en de rek langs de dikterichting afgeleid.  
De ‘remote’ opstelling werd gebruikt tijdens deze experimenten waarbij echter een 
zogenaamde ELED (edge light emitting diode) werd gebruikt die een veel hoger 
vermogen heeft in vergelijking met de breedbandige lichtbron van de OSA zelf en 
waardoor de invloed van ruis bijna volledig verdwijnt.  Een viertal buigproeven 
werden uitgevoerd, twee met een tussenafstand van de opleggingen gelijk aan 160 
mm en twee bij 150 mm met de sensor telkens eens in druk belast en eens in trek.  
De tussenafstand van de drukstempels (hart op hart gemeten) is constant 40 mm.  
Rek-waarden worden berekend uit de geregistreerde Bragg-golflengtes op basis van 
de rek-coëfficiënten afgeleid uit de trekproeven beschreven in paragraaf 4.1.3.  De 
grafieken, waarop de rek gemeten met behulp van de Bragg-sensoren wordt uitgezet 
in functie van de rek berekend uit de doorbuiging, tonen een excellent lineair 
verloop (zie Figuur 12).   
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Figuur 12: Resultaten van een vierpuntsbuigproef op een composietplaatje met een afstand van 160 mm 
tussen de oplegpunten en met de Bragg-sensor onderworpen aan trekspanningen. 
Een lineaire regressie toont aan dat de gemeten rekken (Bragg) binnen een 
foutenmarge van 1 à 2 % liggen ten opzichte van de opgelegde rek (LVDT), wat als 
perfect kan beschouwd worden.  De resultaten van deze en voorgaande paragrafen 
op eenvoudige composietplaatjes tonen duidelijk aan dat de Bragg-sensoren perfect 
als ingebedde reksensor kunnen aangewend worden. 
4.2.5 Vibratieproeven op composietlaminaten 
Daar het FOGSI demodulatie-instrument in staat is een Bragg-signaal te 
bemonsteren met een frequentie van 1000 Hz, moet het ook mogelijk zijn 
dynamische verschijnselen op te volgen.  Verkennende proeven werden uitgevoerd 
door een composietplaatje dat aan één zijde is ingeklemd, te onderwerpen aan 
impactbelasting door (voorzichtige) excitatie met een stalen voorwerp.  Niet alleen 
konden deze excitaties duidelijk worden onderscheiden in de gemeten data 
(geregistreerd met een digitale oscilloscoop), maar na elke excitatie bleek ook een 
periode te volgen waarin gedempte vrije oscillaties van het ingeklemde plaatje zeer 
nauwkeurig konden worden opgemeten.  De proeven werden uitgevoerd op een 
ongecontroleerde wijze, zoals zich in de praktijk zou voordoen: de posities en 
amplitudes van de impact waren niet reproduceerbaar en het plaatje werd af en toe 
opnieuw ‘recht gezet’ in de inklemming.  Er werden meer dan 20 opeenvolgende 
proeven op hetzelfde plaatje uitgevoerd. 
Elke impact veroorzaakt mogelijke schade in het composietplaatje, wat aanleiding 
geeft tot een verlies van stijfheid.  Aangezien de eigenfrequentie van een aan één 
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uiteinde ingeklemd plaatje evenredig is met de wortel uit de buigstijfheid, kan 
verwacht worden dat de toename van schade duidelijk zal worden in een afname van 
de frequentie van de vrije oscillaties.  De ruwe data van de hierboven beschreven 
impactproeven werden vervolgens geanalyseerd aan de hand van een ‘Fast Fourier 
Transform’ (FFT), waarmee de frequentie van het signaal tot op 0,2 Hz nauwkeurig 
kon worden bepaald.  Er kon inderdaad een algemene dalende trend worden 
vastgesteld in de aldus bekomen resultaten.  Omwille van deze bemoedigende 
resultaten werd een verdere verfijning van de proefopstelling en van de extractie van 
de frequenties doorgevoerd. 
Een grondige bespreking van de gebruikte werkwijze voor de extractie van de 
trillingsfrequentie kan teruggevonden worden in de Engelse tekst.  De lage resolutie 
in frequentiewaarden hierboven vermeld, is een rechtstreeks gevolg van het 
toepassen van de FFT-analyse, welke een resolutie heeft gelijk aan de meetfrequentie 
gedeeld door het aantal meetpunten.  Om de resolutie op te drijven wordt het aantal 
meetpunten kunstmatig opgedreven door een nieuwe data-set te genereren die niets 
anders is dan een periodieke herhaling van de oorspronkelijke meetwaarden.  Om de 
invloed van hierdoor ontstane discontinuïteiten te vermijden, wordt een techniek 
genoemd ‘windowing’ toegepast die het signaal aan de uiteinden naar 0 herschaalt.  
De ruwe data-set wordt ook steeds gefilterd, waarbij hogere frequenties (door ruis of 
hogere harmonischen van de fundamentele frequentie) uitgefilterd worden.  Deze 
verwerking werd volledig geïmplementeerd in LabVIEW. 
Indien men de structurele integriteit van een bestaand composieten element zou 
willen bepalen op basis van de frequentie van de vrije oscillaties dan mag de vereiste 
excitatie uiteraard zelf geen (of zo weinig mogelijk) extra schade aanbrengen.  
Hierom werd een reeks van 5 opeenvolgende geconditioneerde excitatieproeven 
uitgevoerd op een composietplaatje waarbij een impactenergie van 0,5 J werd 
opgelegd.  Alle vijf experimenten vertonen zoals verwacht een bijna identiek 
verloop, bestaande uit een duidelijke initiële piek ten gevolge van de excitatie  (met 
een duurtijd van ongeveer 17 ms), gevolgd door een periode van zeer zuivere 
periodische trillingen (duidelijk te onderscheiden gedurende een periode van meer 
dan 5 s).  Dit is geïllustreerd op Figuur 13. 
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Figuur 13: Gemeten rek in functie van de tijd tijdens een vibratieproef.  Het moment van de impact is 
duidelijk zichtbaar alsook de resulterende vrije trillingen van het composietplaatje. 
De fundamentele frequenties van de door de impact geïnduceerde trillingen werden 
bepaald uitgaande van het hierboven beschreven algoritme, waarbij de eerste drie 
periodes van de oscillaties werden weggelaten en de waarden gemeten gedurende de 
volgende twee seconden als data-set worden behouden.  Na berekening blijkt dat de 
frequentie van de laatste excitatieproef slechts 0,04 Hz lager is dan deze bepaald uit 
het eerste experiment.  Dit stemt overeen met een daling in de buigstijfheid van 
ongeveer 0,1 %. 
Een volgende reeks proeven bestaat uit niet minder dan 80 opeenvolgend 
uitgevoerde excitaties door impact.  Telkens werd tijdens het vijfde opeenvolgende 
experiment het signaal geregistreerd met een digitale oscilloscoop en werd de 
frequentie op analoge wijze als hierboven bepaald.  Een bijna perfect dalende trend 
in frequentie kon vastgesteld worden (zie Figuur 14).   
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Figuur 14: Variatie van de eigenfrequentie tijdens een reeks impactproeven. 
Na 50 experimenten is er echter een plotse stijging in frequentie met daarna 
opnieuw een perfect dalende trend.  Deze plotse stijging kan uiteraard niet te wijten 
zijn aan een verbetering van de kwaliteit van de plaat na 5 impacts, maar is 
vermoedelijk te wijten aan een wijziging van de vrije lengte van de ingeklemde plaat 
(met slechts 0,1 mm!).  Een totale daling in frequentie van meer dan 0,6 Hz treedt 
op, wat overeenkomt met een daling in buigstijfheid van 2 %. 
Er kan besloten worden dat de metingen van eigenfrequenties d.m.v. de Bragg-
sensor een zeer goede indicatie kunnen geven van de globale staat van de 
composietplaat. 
5 BUIGING VAN EEN COMPOSIETPLAAT 
ONDERWORPEN AAN BELASTING UIT HET VLAK 
5.1 Ontwerp van een gelamineerde composietplaat 
5.1.1 Enkele ontwerpbeschouwingen 
De ideeën die aan de grondslag van dit hoofdstuk lagen, waren enerzijds de keuze 
van een plaat als representatief structureel element en anderzijds het ontwerp van 
een schaalmodel van een instrument dat bijvoorbeeld kan gebruikt worden om 
overrijdend verkeer te detecteren (positie en grootte van de belasting).  Aan de hand 
van een aantal materiaalkarakteristieken wordt in de Engelse tekst aangetoond dat 
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composietmateriaal ideaal geschikt is als basismateriaal voor zo een instrument.  
Composieten leiden immers duidelijk tot een optimale combinatie van licht gewicht 
en hoge sterkte.  De stapelvolgorde van het schaalmodel is opnieuw [0/15/-15/90]s 
en de dimensies van de plaat worden bepaald door de afmetingen van de autoclaaf 
wat leidt tot een keuze van 210 mm bij 210 mm. 
5.1.2 Wiskundige simulaties van het gedrag in buiging 
De mechanische eigenschappen van het gebruikte composietmateriaal waren in deze 
fase van het ontwerp nog onbekend.  In de literatuur werden daarom de 
mechanische eigenschappen van gelijkaardige materialen opgezocht.  Door deze te 
vergelijken met de sterktes bekomen uit eenvoudige trekproeven op proefmonsters 
vervaardigd uit het bewuste materiaal (met vezelrichtingen uni-directioneel 0° en 
uni-directioneel 90°) werd een selectie gemaakt van de richtwaarden die tijdens de 
simulaties zouden worden gebruikt. 
Deze simulaties werden uitgevoerd met het oog op het bepalen van een optimale 
positie van de ingebedde sensoren voor de meting van de uitwendige belasting.  
Daar het bepalen van zowel positie (coördinaten x en y) als massa, betekent dat drie 
onbekende parameters moeten bepaald worden, dienen ook minstens drie 
onafhankelijke metingen uitgevoerd te worden.  Uit veiligheidsoverwegingen (zou 
bijvoorbeeld een optische vezel breken tijdens het inbedden) wordt vooropgesteld 
dat 4 sensoren zullen worden ingebed.  Om de mogelijke verstoring van het 
composietmateriaal te beperken, zullen de sensoren per twee in een zelfde vlak 
worden aangebracht, respectievelijk aan de bovenkant en de onderkant van de plaat 
tussen de 0° en +15°-laag.  Hierbij volgt de vezel de oriëntatie van de 
versterkingsvezels in de +15°-laag (zie ook nog verder).  Numerieke simulaties 
werden uitgevoerd met de eindige-elementen-software SAMCEFTM en de resultaten 
werden vergeleken met numerieke methodes gebaseerd op de klassieke 
laminatentheorie en geïmplementeerd in het wiskundig pakket MathCadTM.  Het 
eindige-elementen-model neemt effecten in rekening zoals transversale 
schuifspanningen en niet-lineair gedrag door de grootte van de vervormingen in 
vergelijking met de dikte van de plaat. 
Verscheidene posities van een aangrijpende kracht van 100 N werden gesimuleerd 
en de overeenkomstige rekken in de 15°-lagen werden berekend.  Er wordt verder 
rekening gehouden met de precisie en resolutie van het FOGSI demodulatie-
instrument, respectievelijk 5 en 1 me , om de invloed van de posities van de sensoren 
op de detecteerbaarheid van de belasting te analyseren.  De meeste moeilijkheden 
kunnen hierbij verwacht worden voor belastingen aangrijpend in de hoeken van de 
plaat; door de nabijheid van de opleggingen zullen de doorbuigingen en 
overeenkomstige rekken in deze gevallen immers beperkt zijn.  Simulaties werden 
uitgevoerd voor een plaat opgelegd langs twee tegenoverliggende zijden en voor  
een oplegging langs elk van de vier zijden.  De afstanden tussen de opleggingen 
werd gelijk aan 200 mm genomen.  Simulaties tonen duidelijk het verschil in 
mechanisch gedrag aan, namelijk een verdeelde invloed van de belasting – in termen 
van significante rek-waarden over het oppervlak van de plaat – voor de tweezijdig 
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opgelegde plaat en een meer lokale invloedszone voor de vierzijdig opgelegde plaat.  
Deze vaststellingen zijn nog meer uitgesproken voor belastingen die dicht bij de 
randen aangrijpen en zijn te wijten aan de ‘stijfheid’ van de opleggingen. 
Voor een goede detectie van de belastingen aangrijpend in de buurt van de randen 
zou een positionering van de sensoren dicht bij de hoeken van de plaat ideaal zijn 
voor de lokale detectie van de rekken, maar minder geschikt voor detectie van rek-
waarden geïnduceerd door belastingen in de andere hoeken.  Een positionering van 
de sensoren dicht bij het midden betekent dan weer dat alle belastingen kunnen 
gedetecteerd worden, maar dat de meetwaarden zo dicht bij elkaar zullen liggen dat 
de metingen niet als onafhankelijk zouden kunnen beschouwd worden.  Bovendien 
kan deze ‘geconcentreerde’ positionering van de vier optische vezels mogelijks 
leiden tot een ernstige verstoring van het composietmateriaal in het midden van de 
plaat.  Er werd daarom geopteerd voor de ‘gulden middenweg’, door de sensoren te 
positioneren in punten gelegen op ongeveer een derde van de breedte en lengte van 
de plaat ten opzichte van de hoekpunten. 
De draagkracht van de plaat werd bepaald uitgaande van twee verschillende 
breukcriteria, het maximum-rek-criterium en het voor composieten veel gebruikte 
Tsai-Wu criterium.  De maximale belasting, gedefinieerd als deze waarbij de eerste 
schadeverschijnselen optreden, is gelegen rond 350 N zodat een voldoende 
veiligheidsmarge bestaat voor een gebruiksbelasting van 100 N. 
5.2 Vervaardiging van een composietplaat met 4 ingebedde 
optische-vezel-sensoren 
De plaat werd vervaardigd uitgaande van prepreg-materiaal (koolstofvezels in een 
epoxy-matrix), gratis ter beschikking gesteld door SP Systems.  De vervaardiging 
gebeurde in de autoclaaf van de vakgroep Mechanische Constructie en Productie.  
Zoals hierboven reeds aangehaald worden de optische vezels aangebracht tussen de 
laagjes met vezelrichtingen 0° en +15°, volgens de oriëntatie van deze laatste.  Om 
lokale verstoring van het materiaal ter vermijden werd een uiterst kleine groefje 
aangebracht in de +15°-lagen waarin de vezel wordt gepositioneerd.  Het 
sensorgedeelte van de vezels wordt telkens op ongeveer 70 mm van de randen 
aangebracht.  De sensoren werden per twee bovenaan en onderaan de plaat 
aangebracht, met de sensoren telkens gelegen op een verschillende diagonale van de 
vierkante plaat.  Een schematische weergave van de posities van de sensoren is 
gegeven in Figuur 15.  Na vervaardiging werden de optische vezels beschermd met 
een kunststofmantel en met een silicone laag (gewapend met glasvezelmat). 
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Figuur 15: Schematische weergave van de positie van de optische-vezel-sensoren in het vlak van de 
composietplaat en doorheen de dikte. 
5.3 Detecteren van opgelegde belasting 
5.3.1 Wiskundige formulering voor de detectie van één 
geconcentreerde belasting 
De hieronder afgeleide wiskundige formulering werd volledig geïmplementeerd in 
MathCadTM en doet beroep op simulaties van de rekken gemeten met de Bragg-
sensoren in SAMCEFTM.  Voor de eindige-elementen-simulaties werd de plaat 
verdeeld in 10 x 10 elementen, wat voldoend nauwkeurige waarden opleverde en 
een behoorlijk korte rekentijd toeliet.  Een kalibratie-procedure werd gesimuleerd 
waarbij de plaat belast werd met een gelijkmatig verdeelde last (in totaal 100 N) over 
de bovenvlakken van vier aaneengrenzende elementen.  Op deze manier werden 7 x 
7 belastingsgevallen doorgerekend en de aldus bekomen rekken ter plaatse van de 
sensoren werden in vier afzonderlijke matrices gestockeerd. 
Om de onbekende positie van een onbekende last te bepalen uitgaande van de rek-
waarden gemeten met de Bragg-sensoren werd een formule opgesteld, gebaseerd op 
een kleinste-kwadraten foutfunctie (verder kortweg foutfunctie genoemd).   
( ) ( ) ( )
( )
2 2 2
, 1 , 2 , 3
2
, 4
( , , ) 1 2 3
4
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Voorlopig wordt ondersteld dat de belasting aangrijpt op een zelfde positie als deze 
gebruikt in de kalibratie-procedure.  De formule is een sommatie van de 
kwadratische afwijkingen van de vier gemeten rekken (m) ten opzichte van de 
gekalibreerde rekken (M) vermenigvuldigd met een onbekende factor (F, verder 
belastingsfactor genoemd) die de amplitude van de gezochte belasting ten opzichte 
van de kalibratie-massa voorstelt, en dit voor elke mogelijke positie van de belasting.  
Hierbij worden impliciet kleine vervormingen en dus een lineair-elastisch 
materiaalgedrag verondersteld.  Vervolgens wordt de formule partieel afgeleid naar 
de onbekende belastingsfactor en de waarde van deze laatste bepaald, die de 
uitdrukking nul maakt.  Op deze manier wordt voor elke mogelijke positie de kracht 
gezocht die de foutfunctie minimaliseert, wat een matrix van 7 x 7 getallen oplevert.  
Theoretisch gezien bevindt de gezochte belastingsfactor zich in deze matrix maar op 
een nog onbekende positie.  Door eenvoudigweg de belastingsfactor en de 
corresponderende gekalibreerde rekken in de foutfunctie in te vullen kan uiteindelijk 
de combinatie van positie en belasting gevonden worden, die een absoluut minimum 
van de foutfunctie oplevert.  Om een behoorlijke resolutie in positiebepaling te 
bekomen zou een zeer fijn elementennet moeten gemodelleerd worden en zouden 
tijdrovende kalibratie-berekeningen uitgevoerd moeten worden.  In wat volgt, wordt 
een verfijning van de foutfunctie voorgesteld waarbij geen extra eindige-elementen-
simulaties nodig zijn. 
De matrices met de gekalibreerde rek-waarden per sensor worden gebruikt om een 
zogenaamd invloedsoppervlak te creëren.  Door interpolatie- en regressietechnieken 
kan een continue functie van de coördinaten (6°-orde veelterm) worden afgeleid 
voor elke sensor.  De waarde van deze functie voor een zekere positie stelt de rek 
gemeten met een welbepaalde sensor voor, als de kalibratie-massa op die positie zou 
geplaatst worden.  In de hierboven afgeleide foutfunctie kunnen de discrete 
kalibratie-waarden worden vervangen door de continue functies die de 
invloedsoppervlakken beschrijven; vervolgens worden drie partiële afgeleiden van 
deze functie bepaald (naar de twee coördinaten en de massa), gelijkgesteld aan nul 
en dit stelsel opgelost.  Op deze manier komt men theoretisch tot de gezochte 
massa en bijhorende positie.  Het spreekt vanzelf dat dit veel processortijd zal 
vergen (voorlopig teveel indien men aan praktijktoepassingen denkt).  Daarom werd 
uiteindelijk een combinatie van de twee vorige strategieën voorgesteld.  Er wordt 
opnieuw uitgegaan van de foutfunctie op basis van discrete waarden, maar nu uit 
een n x n matrix (als voorbeeld werd onder andere 20 x 20 geïmplementeerd) 
waarbij de n² elementen bepaald worden uit de invloedsoppervlakken. 
In sommige gevallen kan de positie van de belasting aanleiding geven tot 
verschillende grootteordes in rekken gemeten met de vier sensoren.  Door het 
kwadratisch karakter van de foutfunctie zal de bijdrage van sommige sensoren tot de 
waarde van de foutfunctie daardoor verwaarloosbaar klein worden in verhouding 
met de andere sensoren.  Daarom werd de oorspronkelijke foutfunctie uitgebreid 
door de kwadratische verschillen te vermenigvuldigen met zogenaamde 
gewichtscoëfficiënten.  Op deze manier werden perfecte resultaten bekomen voor 
de detectie van willekeurige belastingen (zowel in amplitude als positie).  Daar 
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slechts drie onbekende parameters moeten afgeleid worden, werd dezelfde 
procedure getest door de kalibratie-matrices van slechts drie sensoren te gebruiken, 
wat opnieuw perfecte resultaten opleverde.  Ook een foutfunctie op basis van 
slechts twee sensoren levert perfecte resultaten met het theoretische model.  Dit kan 
op het eerste zicht verwonderlijk lijken, maar is een rechtstreeks gevolg van het feit 
dat geen continue x- en y-coördinaten worden gebruikt, maar uitgegaan wordt van 
discrete koppels (x,y) die dus als één onbekende functioneren. 
5.3.2 Detectie van twee geconcentreerde belastingen op één plaat 
Doordat blijkt dat het theoretisch model slechts twee sensoren nodig heeft voor de 
detectie van een belasting, moet het mogelijk zijn om met vier sensoren twee 
onafhankelijke belastingen op dezelfde plaat te detecteren.  De foutfunctie wordt 
uitgebreid met een factor afhankelijk van de tweede belasting, partieel afgeleid naar 
de beide belastingsfactoren en het stelsel wordt nu opgelost met de twee partiële 
afgeleiden gelijkgesteld aan nul.  Het blijkt dat door de gevonden waarden voor de 
belastingsfactoren voor te stellen in een 4°-orde matrix (vier coördinaten te bepalen) 
het probleem zodanig gediscretiseerd wordt dat theoretisch slechts drie sensoren 
zouden nodig zijn voor de volledige bepaling van de opgelegde belasting.  De 
afgeleide werkwijze blijkt ook te werken voor de bepaling van één enkele last. 
5.3.3 Algemene beschouwingen en experimentele validatie 
De hierboven afgeleide methode voor de bepaling van twee verschillende lasten 
neemt enorm veel processortijd in beslag (ongeveer een half uur in vergelijking met 
minder dan een minuut voor de methode voor bepaling van één last).  Voor 
praktische doeleinden lijkt het aangewezen drie of zelfs vier sensoren te voorzien 
omdat men voor alle belastingsgevallen moet kunnen beschikken over significant 
verschillende rek-waarden. 
De theoretisch ontwikkelde methode voor de detectie van een aangrijpende last 
werd experimenteel gevalideerd op basis van het gebruik van twee en vier sensoren.  
De plaat is opgelegd op twee tegenoverliggende zijden met tussenafstand 200 mm.  
Een grid verdeelt de plaat in 10 x 10 elementen en de kalibratie-matrices voor alle 
sensoren worden bepaald aan de hand van een kalibratie-massa van 5 kg, gelijkmatig 
aangrijpend over een zone van 4 elementen (de uiterste elementen worden 
uitgesloten waardoor elke matrix 7 x 7 elementen telt).  De plaat wordt vervolgens 
belast met een massa van 1 kg in één van de kalibratie-posities.  Het blijkt dat de 
positie van de belasting telkens perfect teruggevonden wordt, terwijl de massa wordt 
gevonden tot op 4% nauwkeurig wanneer gebruik gemaakt wordt van 2 sensoren.  
De resolutie op de massa verbetert door gebruik te maken van alle 4 sensoren; de 
afwijkingen dalen tot minder dan 1%).  Een tweede reeks experimenten werd 
uitgevoerd waarbij de kalibratie-massa’s aangrijpen op één grid-element.  De 
hierdoor bekomen kalibratie-matrices worden uitgebreid naar 20 x 20 elementen op 
basis van de methode van de invloedsoppervlakken.  Tijdens deze reeks 
experimenten werden verschillende massa’s gebruikt en werden deze tevens op 
posities geplaatst die niet tot de kalibratie-posities behoren.  De overeenkomst 
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tussen werkelijke belasting en afgeleide belasting is met uitzondering van 1 geval 
beperkt tot minder dan 1%. 
5.4 Overige experimenten 
5.4.1 Mechanische eigenschappen 
De mechanische eigenschappen van het materiaal waaruit de plaat is vervaardigd, 
werden bepaald als gemiddelden van waarden bekomen uit twee verschillende 
werkwijzen.  Enerzijds werden een aantal constanten experimenteel bepaald met een 
techniek ontwikkeld en toegepast aan de VUB (gebaseerd op het verband van de 
elastische eigenschappen met de eigenfrequenties) en verder aangevuld met waarden 
uit de literatuur.  Anderzijds werd op basis van door de producent geleverde 
waarden voor de eigenschappen van de samenstellende materialen (opnieuw 
aangevuld met getalwaarden uit de literatuur) een simulatie gemaakt met behulp van 
ELACON (software ontwikkeld door professor Degrieck).  Een merkelijk verschil 
tussen beide reeksen getallen kon vastgesteld worden.  Uiteindelijk werd de 
doorbuiging in het midden van een vierzijdig opgelegde plaat met beide getalreeksen 
gesimuleerd en experimenteel bepaald.  Op basis van de resultaten van de 
berekeningen werd besloten min of meer gemiddelde waarden voor de 
materiaaleigenschappen te gebruiken. 
5.4.2 Eindige-elementen-simulaties 
Deze werden uitgevoerd met behulp van de eindige-elementen-software 
ABAQUSTM.  Het model bestaat uit 16 x 16 elementen per laagje, het gebruikte type 
elementen laat toe niet-lineair materiaalgedrag te simuleren. De belasting bestaat uit 
een geconcentreerde kracht, afzonderlijk geplaatst in enkele van de knooppunten, en 
dit voor de helft van de plaat om de rekentijden te beperken.  Simulaties werden 
uitgevoerd voor een plaat opgelegd op twee tegenoverliggende zijden, drie zijden en 
vier zijden.  Telkens wordt de doorbuiging van de plaat bepaald, alsook de rekken in 
de +15°-lagen en volgens deze richting, wat een aanduiding moet geven van de 
rekken te meten met de ingebedde sensoren.  Een aantal grafieken die duidelijk het 
verschil in mechanisch gedrag van de drie configuraties (qua oplegging) illustreren 
werden opgenomen in de Engelse tekst en daar uitgebreid besproken.  De invloed 
van de randvoorwaarden, de oriëntatie van de versterkingsvezels en de afstand van 
de belasting ten opzichte van de randvoorwaarden is heel duidelijk waarneembaar 
op de grafieken van de doorbuiging van de plaat en de rekken in de +15°-lagen. 
5.4.3 Buigproeven op een composietplaat door een geconcentreerde 
belasting uit het vlak gericht 
Alle proeven werden uitgevoerd op een universele proefmachine met de plaat 
opgelegd op een speciaal ontwikkeld kader waarvan de randvoorwaarden eenvoudig 
kunnen gewijzigd worden van twee- over drie- naar vierzijdig opgelegd.  Een 
belasting van 100 N werd aangebracht in punten met onderlinge tussenafstanden 
van 15 mm.  Voor elke belasting werden de rekken gemeten met drie Bragg-
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sensoren en werd de doorbuiging in het midden van de plaat bepaald met behulp 
van een elektronische verplaatsingsopnemer (LVDT), een voorbeeld is opgenomen 
in Figuur 16.   
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Figuur 16: Buigproef uitgevoerd op een composietplaat opgelegd op alle vier zijden.  De belasting is 
aangebracht in het midden van de plaat.  Het verloop van de rekken gemeten met drie ingebedde Bragg-
sensoren en de doorbuiging in het midden van de plaat zijn geïllustreerd. 
De bekomen experimentele resultaten worden grafisch voorgesteld aan de hand van 
automatisch gegenereerde lijnen van gelijke rek-waarden.  Op dezelfde manier 
worden de resultaten bekomen uit de eindige-elementen-simulaties voorgesteld, 
zodat een eenvoudige visuele vergelijking van beide mogelijk is.  Een voorbeeld is 
gegeven in Figuur 17.  Voor elke configuratie (qua oplegging) worden resultaten 
getoond voor twee verschillende belastingsgevallen (100 N in het midden van de 
plaat en ongeveer halfweg tussen het midden en een hoek van de plaat).  Voor een 
gedetailleerde bespreking van alle resultaten wordt opnieuw verwezen naar de 
Engelse tekst, hier worden enkel een aantal algemene besluiten aangehaald. 
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Figuur 17: Rek gemeten met een Bragg-sensor ingebed in de onderste 15°-laag van een composietplaat, 
éénvoudig opgelegd op twee tegenoverliggende zijden.  De aangebrachte belasting is 100 N.  Links staan de 
gemeten waarden en rechts de resultaten van eindige-elementen-simulaties. 
Eerst worden de resultaten voor een vierzijdige oplegging voorgesteld.  Er kan 
vastgesteld worden uit de geïllustreerde resultaten dat de metingen met de Bragg-
sensoren perfect terugkeren naar hun initiële waarden met een identiek verloop bij 
ontlasting als bij belasting.  De proeven werden inderdaad verplaatsingsgestuurd 
uitgevoerd met een zelfde snelheid bij belasten en ontlasten.  Een geringe afwijking 
van een perfect lineair verloop kan vastgesteld worden in de rekmetingen.  Dit is 
niet te wijten aan niet-lineair materiaalgedrag maar aan een geringe speling in 
bevestigingspunten van de machine.  De onderlinge verhoudingen van de 
rekmetingen lijken goed overeen te stemmen met hetgeen normaliter kon verwacht 
worden.  Op de overzichtsgrafieken kan vastgesteld worden dat een algemeen goede 
overeenkomst bestaat tussen de contouren op basis van gesimuleerde waarden en 
deze op basis van gemeten waarden.  Het blijkt wel dat voor één sensor een verschil 
kan vastgesteld worden in de centrale positie van de maximale contour.  Dit zal ook 
blijken uit de volgende configuraties.  Visueel onderzoek van de composietplaat en 
de positie waar de vezel de plaat binnengaat leidt tot de veronderstelling dat een fout 
is gemaakt bij de positionering van één van de sensoren.  Uit een vergelijking van de 
gemeten rek-waarden met de gesimuleerde rekken blijkt dat deze van dezelfde 
grootteorde zijn, met onderlinge verschillen van maximaal ongeveer 10 %. 
De tweede reeks experimenten betreft buigproeven uitgevoerd op een driezijdig 
opgelegde plaat.  De resultaten van de twee specifiek gekozen belastingsgevallen 
leiden tot dezelfde besluiten als hierboven.  Resultaten van een herhaalde reeks 
buigproeven (11 cycli na elkaar) tonen nog duidelijker de kwaliteit van de 
rekmetingen met de Bragg-sensoren aan.  Zo is het signaal van één van de sensoren, 
alhoewel beperkt in amplitude tot 15 me  zeer duidelijk herkenbaar, perfect repetitief 
en keert het excellent naar de beginwaarde terug.  De contourgrafieken leiden ook 
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tot dezelfde besluiten als hierboven: een zeer goede overeenkomst in de patronen, 
een afwijkende ligging van het maximum voor dezelfde sensor als hierboven 
(waarbij de afwijking perfect dezelfde is !). 
De laatste reeks experimenten betreft buigproeven op een tweezijdig opgelegde 
plaat.  Opnieuw kunnen ongeveer dezelfde besluiten getrokken worden uit de 
analyse van de verschillende grafieken.  Er is voor de eerste maal een merkbare 
afwijking in de gesimuleerde en gemeten doorbuiging waar te nemen (de afwijking 
blijft echter kleiner dan 10 %).  Waarschijnlijk is dit te wijten aan een kleine zakking 
van de LVDT na de uitgebreide reeks experimenten die reeds uitgevoerd werden. 
6 MONITOREN VAN HET MECHANISCH GEDRAG 
VAN GEWIKKELDE COMPOSIETEN DRUKVATEN 
6.1 Vervaardiging van vaten op basis van het wikkelprocédé 
6.1.1 Vezel-wikkelen 
Vezel-wikkelen is een geautomatiseerd productieproces waarbij continue 
vezelbundels, geïmpregneerd met hars, op een mal gewikkeld worden volgens een 
welbepaald patroon.  Dit proces is ideaal geschikt voor de vervaardiging van dunne 
schalen met hoge sterkte en stijfheid, dankzij de continue natuur van de 
versterkingsvezels, een hoog vezelvolumegehalte en de grote mate van precisie in de 
oriëntatie van de versterkingsvezels.  Daartegenover staan een lage 
productiesnelheid en hoge investeringskosten, waardoor de techniek voornamelijk 
gebruikt wordt voor hoogwaardige toepassingen. 
6.1.2 Fabricage van een composietvat 
De vakgroep Mechanische Constructie en Productie beschikt over een eigen 
wikkelinstallatie, ontwikkeld in samenwerking met WTCM, waarop de in dit 
hoofdstuk gebruikte vaten werden vervaardigd.  Deze wikkelinstallatie heeft 5 
vrijheidsgraden (3 verplaatsingen en 2 rotaties) en de sturing werd volledig 
geautomatiseerd.  De vaten worden gewikkeld op mallen vervaardigd uit een in 
water oplosbaar gips (nauwkeurig afgewerkt op een numerieke machine), welke na 
uitharding van de composietschaal in een oven kan verwijderd worden met behulp 
van water onder hoge druk.  Het type vaten gebruikt in dit werk is gebaseerd op een 
bestaand commercieel ontwerp, cilindrisch vat met eindbodems, waarvan de vorm 
werd geoptimaliseerd in het kader van het doctoraatswerk van Ph. Martin.  Het 
wikkelpatroon bestaat uit twee polaire wikkelingen (elk ongeveer 0,65 mm dik) en 
drie omtrekswikkelingen op het cilindrisch gedeelte (met een totale dikte van 
ongeveer 3,25 mm).  De hoogte van het vat is 250 mm en de maximale diameter 180 
mm, wat leidt tot een volume van 5,544 liter en een massa van 1,074 kg.  Een 
fotografische opname van een dwarsdoorsnede van zo’n vat is geïllustreerd in Figuur 
18. 
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Figuur 18: Dwarsdoorsnede van een vezelgewikkeld composieten drukvat met aanduiding van de 
belangrijkste dimensies.  De richting van de binnenste polaire wikkelingen is duidelijk zichtbaar. 
6.1.3 Aanbrengen van de optische vezels met Bragg-sensor 
De ingebedde sensoren werden aangebracht tijdens het wikkelproces, tussen de twee 
buitenste omtrekswikkelingen in het midden van het cilindrisch gedeelte van het vat.  
Op het moment van inbedden wordt het wikkelproces tijdelijk stilgezet en na 
aanbrengen en gelijkrichten van de optische vezel wordt het proces opnieuw 
opgestart.  Het mag duidelijk zijn dat dit een zeer delicaat werk is.  In de buurt van 
het punt waar de vezel in het composietmateriaal gaat, wordt de kunststof 
beschermmantel over een zekere afstand mee ingebed.  Er werden ook sensoren 
aangebracht door uitwendige verlijming op het oppervlak.  Hiervoor werd een klein 
groefje aangebracht in de epoxy-matrix, de vezel gepositioneerd en vervolgens 
verlijmd met een bij kamertemperatuur uithardend epoxyhars. 
6.1.4 Materiaaleigenschappen 
De materiaaleigenschappen werden overgenomen uit het doctoraatswerk van Ph. 
Martin.  Op basis van de eigenschappen van de samenstellende materialen werden 
de eigenschappen van het composietmateriaal berekend met ELACON en verder 
verfijnd op basis van de resultaten van mechanische proeven. 
6.2 ‘Remote’ opvolging van de druk in een composietvat 
6.2.1 Testopstelling 
De opstelling gebruikt voor deze experimenten is de ‘remote’ opstelling (zie 
hoofdstuk 4), waarbij de (ingebedde) Bragg-sensoren worden uitgelezen via een 
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optische spectrum analyser.  De druk geleverd door een compressor wordt omwille 
van veiligheidsredenen via een waterreservoir overgebracht naar het drukvat.  Door 
middel van elektronisch gestuurde kleppen kan de druk in het vat, gecontroleerd via 
een elektronische drukmeter, worden geregeld.  Software werd ontwikkeld (in 
LabVIEWTM) voor sturing van de kleppen, communicatie met de optische spectrum 
analyser en registratie van Bragg-golflengte en druk.  Zo’n ‘remote’ opstelling is zeer 
interessant voor praktijktoepassingen waar men bijvoorbeeld alle drukvaten of 
opslagtanks in een bedrijf vanuit één centrale controleruimte kan opvolgen.  Om de 
invloed van ruis (inherent aan het gebruik van de optische spectrum analyser zoals 
hoger aangehaald) in de signalen te beperken, is elk spectrum genomen als 
gemiddelde van een aantal geregistreerde spectra. 
6.2.2 Beschrijving van het verloop van een proef en verwerking van de 
resultaten op basis van een representatief voorbeeld. 
De resultaten van een representatief experiment (met een totale tijdsduur van 
ongeveer 1 uur) bestaande uit een opeenvolging van twee verschillende periodische 
en traag variërende drukschommelingen zijn grafisch voorgesteld in Figuur 19. 
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Figuur 19: Resultaten van een experiment waarin een twee opeenvolgende sinusoïdale drukcycli werden 
geprogrammeerd als belastingsgeschiedenis voor het drukvat. Op de linkse figuur wordt de effectief gemeten 
druk getoond in functie van de tijd, en rechts de berekende Bragg-golflengte in functie van de tijd. 
Spectra werden geregistreerd om de 75 seconden, terwijl de controlecyclus 
bestaande uit een vergelijking van ingestelde en gewenste druk en eventuele sturing 
van de kleppen om de 2 seconden uitgevoerd wordt.  Hoewel de drukwijzigingen 
werden geprogrammeerd als sinusvormig, blijkt uit de signalen (zowel de effectief 
gemeten drukken als de Bragg-signalen) een driehoekige vorm.  Dit was te wijten 
aan enerzijds een verkeerd algoritme, gebruikt voor de sturing van de druk en 
waarschijnlijk ook door een te groot volume van de luchtbuffer boven het 
waterreservoir wat een vertraging van de opbouw en afbouw in druk veroorzaakt.  
Om deze redenen keert de druk ook nooit perfect terug tot nul. 
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De Bragg-golflengte werd (zie hoofdstuk 4) op twee manieren bepaald: als de 
golflengte met maximale reflectie en als het gemiddelde van de twee golflengtes 
waarbij de helft van het maximale vermogen is gereflecteerd.  Een zeer goede 
overeenkomst tussen het opgelegde drukverloop en de geregistreerde Bragg-
golflengte kan vastgesteld worden.  Plotse drukdalingen (door het aanbrengen van 
wijzigingen in het stuurprogramma) worden ook duidelijk waargenomen in de 
Bragg-metingen.  Wel zijn er soms vrij grote verschillen waar te nemen in de, op de 
twee verschillende manieren bepaalde, Bragg-golflengtes.  Er kon vastgesteld 
worden, uitgaande van de volledige Bragg-spectra horende bij de bewuste 
meetpunten, dat dit te wijten is aan het optreden van zeer belangrijke ruispieken in 
het signaal die het ‘smoothen’ van de spectra en de extractie van de Bragg-golflengte 
sterk beïnvloeden.  Niettegenstaande de belangrijke invloed van ruis en de inherente 
fouten die hierdoor bij de extractie van de Bragg-golflengte op basis van gesmoothe 
spectra worden veroorzaakt, werden zeer goede resultaten bekomen voor het 
merendeel van de uitgevoerde experimenten. 
6.2.3 Statische proeven 
Gedurende dit type proeven wordt de druk langzaam aan opgebouwd tot een zekere 
waarde die dan gedurende een zekere tijd wordt aangehouden alvorens de druk weer 
af te bouwen, waarna in sommige gevallen een tweede statische cyclus volgt.  Deze 
experimenten zijn dus representatief voor het vullen en ledigen van drukvaten en 
voor vaten onder constante druk gehouden.  De Bragg-golflengte die verder wordt 
gebruikt, is deze die afgeleid wordt als gemiddelde waarde van de twee golflengtes 
waarbij de helft van het optisch vermogen is gereflecteerd.  Een zeer goede 
overeenkomst tussen de gemeten druk en de Bragg-golflengte kan vastgesteld 
worden gedurende het ganse verloop van de proef, zoals geïllustreerd op Figuur 20.   
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Figuur 20: Statisch experiment op een drukvat; Bragg-golflengte en aangelegde druk zijn weergegeven in 
functie van de tijd. 
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Dit wordt nog duidelijker uit de grafieken waarop de Bragg-golflengte is voorgesteld 
in functie van de gemeten druk.  Een zeer duidelijk lineair verband bestaat tussen de 
twee parameters.  Dit wordt vastgesteld voor alle geïllustreerde experimenten (met 
drukken oplopend tot 5 bar, 8 bar en 16 bar). 
6.2.4 Quasi-statische (of traag variërende dynamische) experimenten 
Tijdens deze experimenten wordt een cyclisch variërende druk opgelegd aan het 
drukvat.  De resultaten van deze experimenten (zie bvb. Figuur 21) duiden opnieuw 
op een zeer goede overeenkomst van de gemeten drukcycli en variaties in Bragg-
golflengte en een lineair verband tussen deze parameters. 
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Figuur 21: Resultaten van een traag variërende periodische drukcyclus aangelegd aan een composieten 
drukvat.  Een maximale druk van 5 bar werd bereikt. 
Er kon worden vastgesteld dat de trendlijnen bepaald in de besproken experimenten 
leiden tot twee duidelijk verschillende waarden voor de afhankelijkheid van de 
Bragg-golflengte ten opzichte van de aangelegde druk.  Dit is het direct gevolg van 
het feit dat de experimenten werden uitgevoerd op twee afzonderlijke drukvaten.  
Hierbij dient rekening te worden gehouden met het feit dat de respons van de 
ingebedde sensoren sterk afhankelijk is van hun exacte positionering en van (lokale) 
fabricatieparameters zoals vezelvolumeghalte, hoeveelheid hars, voorspanning van 
de vezelbundels en uithardingcyclus, die alle de mechanische eigenschappen van het 
materiaal merkbaar beïnvloeden.  Het moge een extra argument zijn om via een 
monitorsysteem het mechanisch gedrag van een composietconstructie te 
onderkennen. 
De variaties in golflengte werden omgerekend naar variaties in rek wat voor het ene 
vat leidt tot een toename in rek van 33 me  per 0,1 MPa druk (of dus 1 bar) en voor 
het tweede vat 58 me .  Deze waarden zullen verder in het werk gevalideerd worden. 
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6.3 Monitoren van de vervorming met uitwendig aangebrachte 
Bragg-sensoren. 
6.3.1 Testopstelling 
Optische vezels met Bragg-sensor werden aangebracht, door verlijming, op het 
oppervlak van bestaande drukvaten (deze gebruikt tijdens de hierboven beschreven 
experimenten).  De eerste experimenten werden uitgevoerd op een drukvat waarop 
één sensor werd aangebracht, gericht volgens de omtrekswikkelingen.  Een aantal 
aanpassingen aan de proefopstelling werden doorgevoerd teneinde de kwaliteit van 
de metingen te verbeteren.  Het commerciële apparaat FOGSI FLS3100 werd 
gebruikt voor demodulatie van de Bragg-sensoren en de software voor sturing, 
controle en dataregistratie werd volledig herschreven.  Ook de implementatie van de 
drukkleppen werd gewijzigd.  Een gedetailleerd schema is voorgesteld in de Engelse 
tekst. 
6.3.2 Respons op plotse gebeurtenissen 
De resultaten van een tweetal experimenten worden gedetailleerd besproken in de 
Engelse tekst en de belangrijkste bemerkingen worden hier samengevat.  Tijdens een 
eerste experiment wordt een druk van bijna 7 bar opgebouwd (begrensd door een 
reduceerklep) en wordt tijdens de periode van maximale druk de uitlaatklep een 
aantal maal abrupt geopend, wat duidelijk kan waargenomen worden in de Bragg-
signalen. 
Dit wijst op een zeer goede respons van de Bragg-sensoren, zeker als men 
beschouwt dat drukdalingen met amplitude rond 0,2 bar gedurende slechts 1 à 2 
seconden werden geïnduceerd.  In een tweede experiment wordt de inlaatklep zeer 
plots geopend waardoor de druk op zeer korte tijd (0,25 seconde) oploopt tot bijna 
2 bar, gedurende een paar seconden stagneert en daarna geleidelijk oploopt tot 7 
bar.  De Bragg-signalen vertonen niet dezelfde snelle stijging en periode van 
stagnatie, maar eerder een geleidelijke aangroei wat te wijten is aan de inertie van de 
drukleidingen en de positie van de drukmeter.  Deze laatste bevindt zich 
rechtstreeks op de luchtbuffer van het waterreservoir en merkt dus direct de stijging 
van de luchtdruk die overgedragen wordt op het composietvat via een waterdruk.  
Dit water stroomt naar het vat door een leiding en kleppen met inwendige diameters 
van 6 mm, waardoor een zekere vertraging in respons kan verklaard worden.  
Verder is het ook zo dat het composietmateriaal een zeker visco-elastisch 
materiaalgedrag vertoont waardoor de vervormingen bij het initieel onder druk 
zetten ietwat vertraagd verlopen.  Bij het abrupt openen van de uitlaatklep dalen 
druk en Bragg-signaal in eerste fase overeenkomstig snel maar is er terug een zekere 
vertraging in de vervormingen naar het einde van het experiment toe.  Dit valt te 
verklaren doordat de drijvende kracht voor de drukafbouw (namelijk het verschil 
tussen atmosfeerdruk en druk in het vat) continu afneemt. 
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6.3.3 Opvolgen van een drukvat in gebruik 
De experimenten die hieronder worden beschreven, werden volledig 
geautomatiseerd uitgevoerd, en kunnen opgevat worden als een reflectie van een 
werkelijk ‘in-dienst-zijnd’ drukvat.  Alle mechanische kleppen staan continu open en 
de software stuurt de drukveranderingen via de elektronische kleppen.  Er worden 
een drietal types periodische drukveranderingen opgelegd waarbij de amplitude 
respectievelijk een sinusvorm, een blokvorm of een driehoekig verloop kent.  Zowel 
amplitude, offset als frequentie kunnen ingesteld worden in het stuurprogramma.  
Van elke configuratie wordt een representatief experiment getoond in de Engelse 
tekst. 
Een eerste experiment wordt gestuurd door een geprogrammeerde drukcyclus 
sinusoïdaal variërend tussen 0 en 8 bar, dit experiment is als representatief 
voorbeeld opgenomen in Figuur 22. 
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Figuur 22: Een geprogrammeerde drukcyclus met sinusvormig patroon  variërend tussen 0 en 8 bar werd 
aangelegd aan een drukvat.  De weergave van de rek is naar boven verschoven voor de duidelijkheid van de 
figuur. 
Drie volledige cycli worden beschreven gedurende een tijd van 10 minuten; elke 10 
seconden worden de druk en het Bragg-signaal uitgelezen.  De gemeten druk 
correspondeert inderdaad bijna perfect met de opgelegde sinusvorm.  Het enige 
verschil is dat de druk niet volledig afgebouwd wordt tot atmosfeerdruk.  Zoals 
hierboven reeds aangehaald, is dit het rechtstreeks gevolg van het afnemend verschil 
tussen atmosfeerdruk en de druk in het vat.  De volledige drukafbouw wordt verder 
wat belemmerd door een demper in de uitlaatleiding om de zeer vervelende hoge 
fluittonen bij het aflaten van lucht te verzwakken.  Het verloop van de rekken 
gemeten met de Bragg-sensor volgt perfect het drukverloop. 
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Vervolgens worden de resultaten getoond van een opgelegd drukverloop waarbij de 
amplitude een driehoeksvorm beschrijft in de tijd, variërend tussen 0 en 6 bar.  
Precies dezelfde waarnemingen gelden als in het vorige experiment. 
Een derde type-experiment bestaat uit een geprogrammeerde blokvormige 
drukcyclus met drukken variërend tussen 0 en 4 bar.  Opnieuw kunnen 
gelijklopende vaststellingen worden gemaakt.  Op de maximale amplitude vertoont 
de gemeten druk een zeer kleine rimpel die ontstaat doordat het stuurprogramma 
reageert op afwijkingen van 0,05 bar en dan overeenkomstig de inlaatklep of 
uitlaatklep stuurt.  Deze rimpel is ook waarneembaar in de rekmetingen.  Het 
gemeten druksignaal toont duidelijk de trage afbouw van de druk als gevolg van de 
demper in de leiding. 
De hierboven geïllustreerde experimenten tonen alle een excellente respons van de 
Bragg-sensor op de aangelegde druk.  Deze experimenten werden alle uitgevoerd 
met een tijdsduur van maximaal 10 minuten.  Naar praktijktoepassingen toe zijn 
langere-duur-proeven interessanter.  In de Engelse tekst wordt een voorbeeld 
getoond van een proef die 3,5 uur duurt en waarbij de druk zeer traag (0,0002 Hz) 
varieert tussen 2 en 6 bar.  Dit zou bijvoorbeeld de weerspiegeling kunnen zijn van 
een drukvat dat dienst doet als opslag van samengedrukte lucht voor pneumatische 
gereedschappen in een fabriekshal, waarbij de druk daalt door gebruik en bij een 
zekere minimumwaarde opnieuw een reserve opgebouwd wordt.  Zowel het verloop 
van de druk als het verloop van de Bragg-rek vertonen een perfect sinussignaal in de 
tijd.  Er is geen drift in het Bragg-signaal wat zeer belangrijk is voor 
monitortoepassingen! 
Tijdens de uitgevoerde experimenten traden ook een aantal ‘onverwachte’ 
gebeurtenissen op, wat inhoudt dat ze niet met opzet door de operator werden 
geïnduceerd.  Drie experimenten zijn geïllustreerd in de Engelse tekst.  Het eerste 
experiment is een driehoeksvormige drukcyclus tussen 0 en 8 bar.  Tijdens de eerste 
twee cycli wordt de driehoek echter afgetopt bij ongeveer 7 bar, wat uiteindelijk 
bleek te liggen aan een verkeerde instelling van het (manuele) reduceerventiel.  
Zowel de drukmetingen als de rekmetingen merken dit verschijnsel (uiteraard) op.  
Tijdens het tweede experiment (blokvormig drukverloop tussen 0 en 8 bar), 
opgenomen als Figuur 23, werd een ‘verwachte’ gebeurtenis, namelijk het 
overschakelen op manuele controle en het openen van de uitlaatklep, waargenomen 
in zowel het drukverloop als het verloop van de gemeten rek. 
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Figuur 23: Een geprogrammeerde drukcyclus met blokvormig patroon variërend tussen 0 en 8 bar werd 
aangelegd aan een drukvat.  Twee gebeurtenissen zijn aangeduid: een wijziging in de stuursoftware (A) en 
lekken van de inwendige ballon (B).  De weergave van de rek is naar boven verschoven voor de duidelijkheid 
van de figuur. 
Het experiment wordt echter gekenmerkt door een onverwachte gebeurtenis, 
wanneer een plotse daling van de gemeten rek kan vastgesteld worden terwijl de 
druk een constante waarde aanhoudt; een duidelijk signaal om het experiment te 
stoppen!  Er werd vastgesteld dat een lek was opgetreden in de inwendige rubber 
ballon van het drukvat (deze wordt gebruikt om het vat waterdicht te houden en 
mogelijke aantasting van het composietmateriaal door langdurig contact met water 
te vermijden).  De drukmeter, geplaatst boven de luchtbuffer, detecteert de plotse 
drukval in het composietvat niet door een blijvende continue aanvoer van 
samengeperste lucht en doordat het eigenlijke drukverlies slechts optreedt in het 
drukvat.  Dit toont nogmaals het belang aan van het opvolgen van een 
composietconstructie ‘in bedrijf’!  Op basis van de drukmetingen op de 
toevoerleiding zou het proces gewoon verdergezet worden terwijl bijvoorbeeld een 
chemische stof uit het vat lekt, wat ernstige schade kan toebrengen aan installaties 
en personen in de buurt van het vat.  Het laatste geïllustreerde experiment betreft 
een lange-duur-proef met een totale duurtijd van 6 uur waarbij een drukcyclus 
(sinusvormig tussen 6 en 10 bar) met een periode van drie uur is geprogrammeerd.  
Van bij het begin van het experiment kon worden vastgesteld dat er veel ‘ruis’ zat op 
het opgemeten druksignaal, te wijten aan een gedurende langere tijd rechtstreeks 
contact van waterreservoir en compressor (ongeveer 30 bar).  De proef werd 
verdergezet en leidde tot het bemoedigende resultaat dat dezelfde discontinuïteiten 
konden vastgesteld worden in de gemeten rek. 
De meetgegevens van alle (twintig) proeven werden gebundeld in één groot bestand 
dat enerzijds de absolute Bragg-rek (dit is ten opzicht van de referentie-golflengte 
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door de fabrikant bepaald) bevat en anderzijds de gemeten drukken.   Dit is 
samengevat op Figuur 24.  
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Figuur 24: Samenvatting van Bragg-rek in functie van aangelegde druk voor alle uitgevoerde experimenten. 
Het verband tussen Bragg-rek en gemeten druk vertoont een duidelijke lineaire 
trend.  De standaardafwijking van de resultaten is ongeveer 6 me  wat zeer dicht bij 
de absolute precisie van het toestel ligt, namelijk 5 me!  Dit is zeer goed te noemen 
daar alle proeven werden uitgevoerd op een tijdsspanne van weken, waarbij het 
demodulatie-instrument regelmatig werd uitgezet en de optische connecties werden 
onderbroken; dit is een duidelijke aanduiding van de mogelijkheid om absolute en 
herhaalbare metingen uit te voeren met dit type sensoren.  Er kan verder 
aangenomen worden dat een rechtstreekse meting van de druk in het composietvat 
zou leiden tot een nog nauwere afhankelijkheid van de resultaten.  Blijkens de 
lineaire trendlijn (rek in functie van druk) is de afhankelijkheid van de rek ten 
opzichte van de aangelegde druk gelijk aan 32,7 me  per bar wat perfect overeenstemt 
met de waarde gemeten met de inwendige sensor (zie hoger).  Eindige-elementen-
simulaties (zie op het einde van dit hoofdstuk) tonen aan dat de variatie van de rek 
over de dikte van de omtrekswikkeling beperkt is tot minder dan 1 %.  Hierbij dient 
opgemerkt dat de inwendige sensor werkt rond een centrale golflengte van ongeveer 
1550 nm en de uitwendige rond 1310 nm, en dat beide werden ‘uitgelezen’ met een 
verschillend werkend demodulatie-instrument. 
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6.4 Experimentele vergelijking van Bragg-sensoren en rekstrookjes 
6.4.1 Testopstelling 
Voor de volgende reeks experimenten werd het drukvat rechtstreeks verbonden met 
een manueel te bedienen membraanpomp, met veiligheidshalve enkel een manuele 
klep aangebracht in de drukleiding.  Bedoeling is hogere drukken te kunnen leveren.  
Veiligheidshalve wordt alle instrumentatie in de buurt van de pomp (en dus van de 
operator) aangebracht, op voldoende afstand van het drukvat.  De data (drukmeter, 
Bragg-sensor en rekstrookjes) worden bemonsterd met een frequentie van 1 kHz.  
Er werd ook een sensor voor akoestische emissie aangebracht teneinde optredende 
schade hoorbaar te kunnen vaststellen. 
6.4.2 Experimentele resultaten en bespreking 
Uit de resultaten van een eerste proef blijkt duidelijk de graduele opbouw van de 
druk en de hiermee gepaard gaande vervorming, gevolgd door een zeer plotse 
afname te wijten aan een lek in de rubber ballon.  De maximaal bereikte druk is 
ongeveer 35 bar.  Een terugrekenen van de opgetreden maximale vervorming (0,12 
%) leidt tot een druk van 36 bar indien lineair elastisch gedrag wordt aangenomen.  
Er is echter reeds wat schade opgetreden (hoorbare akoestische emissie) en dus zal 
de bereikte druk inderdaad wat lager zijn.  De plotse afname in vervorming zet zich 
niet door tot de nultoestand maar bereikt ergens een toestand waarbij het volume 
lekkende water in evenwicht wordt gehouden door het volume toegeleverd door de 
membraanpomp.  Bij stilleggen van de pomp keert de Bragg-rek perfect terug naar 
nul.  De metingen met het rekstrookje in dezelfde richting als de Bragg-sensor 
vertonen een gelijkaardig verloop; de maximale waarde van de aldus gemeten rek is 
weliswaar zo’n 10 % lager dan de waarde bekomen uit de Bragg-metingen.  Wanneer 
‘ingezoomd’ wordt op de opgemeten signalen, zowel tijdens de drukopbouw (zie 
Figuur 25) als tijdens de evenwichtsfase na de drukval, kan vastgesteld worden dat de 
slagen van het membraan duidelijk terug te onderscheiden zijn als cycli met een 
amplitude schommelend tussen ongeveer 20 en 30 me .   
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Figuur 25: Gedetailleerd opname van de reksignalen tijdens de drukopbouw in het geteste drukvat via een 
membraanpomp.  De resolutie van de metingen met de Bragg-sensor is duidelijk beter dan deze van het 
rekstrookje. 
De Bragg-metingen vertonen daarbij een duidelijk betere resolutie dan de rekstrook-
metingen.  Hetzelfde experiment werd een aantal maal herhaald met nieuwe rubber 
ballonnen; precies hetzelfde gedrag kon worden waargenomen.  De experimenten 
tonen wel duidelijk aan dat de Bragg-sensoren kunnen gebruikt worden voor het 
meten van grote vervormingen, terwijl tezelfdertijd ook dynamische verschijnselen 
met kleine amplitude gemeten worden met een zeer goede resolutie. 
In de Engelstalige tekst worden de resultaten van een tweetal andere experimenten 
geïllustreerd.  Bij deze proeven werden twee rekstrookjes uitgelezen (één evenwijdig 
met de Bragg-sensor en één loodrecht erop).  De signalen van de Bragg-sensor en 
het overeenkomstig rekstrookje vertonen een bijna perfect gelijkaardig  globaal 
verloop gedurende het experiment.  Ook de pompslagen worden in beide signalen 
vastgesteld, en de metingen keren voor de beide ‘rek-meters’ zo goed als perfect 
terug naar een zelfde waarde.  Er is opnieuw een verschil in de absolute rek-waarden 
van de twee metingen, namelijk tussen 5 en 10 %, welke kunnen te wijten zijn aan 
de verschillende plaatsing en mogelijke onzekerheid van omzettingsfactoren.  Het 
signaal van het rekstrookje loodrecht op de omtreksrichting vertoont ook een 
gelijkaardig verloop in de tijd, behalve dan op het eind van de proef waar een plotse 
(en tot hiertoe onverklaarbare) offset van ongeveer 200 me  kan vastgesteld worden.  
Dit experiment is geïllustreerd in Figuur 26 
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Figuur 26: Een vergelijking van Bragg-rek en metingen met klassieke rekstrookjes tijdens een druktest van 
een composietvat.  Er is een offset waarneembaar in het signaal van rekstrookje 2 op het einde van het 
experiment. 
Een tweede experiment (met zelfde meetfrequentie), waarbij hogere rekwaarden 
werden bereikt, leidt tot een aantal merkwaardige vaststellingen in de signalen van de 
rekstrookjes.  Bij het begin van het experiment treedt een plotse sprong op in de 
rek-waarden gevolgd door een zeer grillig verlopend signaal.  Deze verschijnselen 
worden hoegenaamd niet waargenomen in het signaal van de Bragg-sensor.  Later in 
het experiment vertoont het Bragg-signaal snelle maar duidelijke schommelingen 
(door de pompslagen) rond constante evenwichtswaarden; dit is opnieuw niet 
waarneembaar in de rekstrookmetingen die trouwens drift vertonen en na het 
stilleggen van de pomp niet naar hun oorspronkelijke waarde terugkeren, dit in 
tegenstelling tot de Bragg-sensor.  Een Bragg-sensor blijkt dus duidelijk 
betrouwbaarder te zijn dan klassieke rekstrookjes. 
6.4.3 Eindige-elementen-simulaties 
Een aantal eindige-elementen-simulaties werden uitgevoerd, met het programma 
SAMCEFTM, naar het mechanisch gedrag van een composietvat onder inwendige 
druk.  Hiervoor kon verregaand beroep gedaan worden op het doctoraatswerk van 
Ph. Martin.  Een zeer korte beschrijving van het gebruikte model is opgenomen in 
de Engelse tekst. 
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6.5 Opvolging van vervorming en schade door combinatie met 
detectie van akoestische emissie 
6.5.1 Voorbereiding en proefopstelling 
Een drukvat met ingebedde Bragg-sensor werd tenslotte onderworpen aan een 
barstdrukproef.  Om de problemen met de rubber ballon te vermijden, werd een 
inwendige waterdichte laag aangebracht door middel van een vloeibare latex die 
uithardt wanneer het zeer dun uitgesmeerd aan lucht wordt blootgesteld.  Tijdens dit 
experiment werd de druk geleidelijk opgebouwd.  Bijkomend werd een sensor voor 
akoestische emissie aangebracht.  Er dient opgemerkt te worden dat niet de 
‘originele’ akoestische signalen worden opgenomen, maar wel de naar een hoorbaar 
geluid omgevormde signalen.  Het lawaai dat aldus geregistreerd wordt, is een maat 
voor het ontstaan en aangroeien van schade.  De Bragg-sensor werd uitgelezen met 
een meetfrequentie van 100 Hz en de sensor voor akoestische emissie werd 
geregistreerd aan 300 Hz.  Deze laatste frequentie laat niet toe alle akoestische 
signalen te detecteren, maar is hier gebruikt om bepaalde verschijnselen in de rek-
waarden te kunnen relateren aan optredende schade.  
6.5.2 Experimentele resultaten en bespreking 
De opgelegde druk kon tijdens dit experiment visueel worden opgevolgd op een 
electronisch display.  Eerst werd de druk opgevoerd tot 10 bar, vervolgens door 
verliezen daalde de druk tot 8 bar waarna de druk opnieuw opgevoerd werd tot 19 
bar met een daling tot 16 bar na uitschakelen van de pomp.  Hierna werd de druk op 
een continue wijze opgevoerd totdat bij een druk van 46 bar water uit het vat 
sijpelde door de aanwezigheid van scheuren. 
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Figuur 27: Gemeten rek met een Bragg-sensor ingebed in een drukvat tijdens een barstproef -experiment. 
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Uit het opgemeten reksignaal, zie Figuur 27, blijkt dat de ingebedde sensor initieel 
een ‘stuik’ vertoont als gevolg van krimp van de composietmatrix tijdens het 
polymerisatieproces.  De ‘drempels’ in het drukverloop gevolgd door het 
drukverlies, zijn perfect terug te vinden in het reksignaal.  Hierbij zijn rekwaarden 
van respectievelijk 893 en 1762 me  opgemeten, wat duidt op een (bijna perfect) 
lineair-elastisch materiaalgedrag.  Tijdens de finale drukopbouw vertoont de 
rekmeting eerst kleine schommelingen, gevolgd door twee uitgesproken oscillaties 
met plotse afname van de vervorming.  Gedurende dezelfde periode werd ook 
uitgesproken akoestische activiteit vastgesteld. 
De te verwachten schade in het vat (en de overeenkomstige druk) werd uitgebreid 
bestudeerd in het doctoraatswerk van Ph. Martin.  Bij een druk van 13 bar zullen de 
eerste (zeer kleine) matrixscheuren in de eindbodems optreden, die echter nog geen 
aanleiding geven tot drukschommelingen.  Scheuren in de polaire wikkelingen van 
het cilindrisch gedeelte treden op bij 22 bar; deze veroorzaken wel een merkbare 
drukschommeling.  Belangrijke vervormingen treden op vanaf ongeveer 30 bar 
wanneer scheuren ontstaan in de omtrekswikkelingen. 
Tijdens het experiment werd de eerste akoestische activiteit vastgesteld bij 15 bar 
wat goed overeenstemt met de voorspelde initiatie van schade in de eindbodems.  
Belangrijke akoestische activiteit trad vervolgens op vanaf 23-24 bar tot op het einde 
van het experiment; dit kon gelinkt worden met het ontstaan (en aangroeien) van 
scheuren in het cilindrisch gedeelte.  Een aantal opmerkbare activiteiten worden 
meer gedetailleerd in de Engelstalige tekst besproken. 
Bijvoorbeeld is het reksignaal ‘verstoord’ door het ontstaan van scheuren in de 
polaire wikkelingen nabij de sensor.  De hierbij optredende volumeveranderingen 
waren echter zo klein dat ze niet zichtbaar zijn in het druksignaal.  Bij een druk van 
28 bar kon wel een plots drukverschil vastgesteld worden; dit ging gepaard met 
duidelijk hoorbare akoestische gebeurtenissen en een afname van de vervorming.  
Dit was te wijten aan het ontstaan van matrixscheuren in de omtrekswikkelingen.   
Een tweetal belangrijke overgangsverschijnselen zijn waarneembaar in het 
reksignaal; zeer waarschijnlijk zijn deze te wijten aan het ontstaan van scheuren in de 
onmiddellijke omgeving van de ingebedde sensor.  De hieropvolgende periode van 
drukstijging gaat gepaard met een continue afname van de vervorming in 
omtreksrichting.  Dit kan toegeschreven worden aan het feit dat de vervorming van 
het drukvat (met initiële belangrijke schade in de polaire wikkelingen) op dat 
ogenblik bijna volledig in de axiale richting wordt opgenomen. 
Het einde van het experiment wordt gekenmerkt door een plotse snelle toename in 
vervorming tot de barstdruk bij 46 bar wordt bereikt.  Op datzelfde ogenblik kon 
ook waargenomen worden dat water uit het vat sijpelde. 
Uiteindelijk blijkt dat, door de ernstige beschadiging, een blijvende rek in 
omtreksrichting van ongeveer 375 me  te zijn opgetreden. 
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7 ONTWIKKELING VAN EEN VERVORMINGMETER 
EN EEN KRACHTCEL OP BASIS VAN OPTISCHE 
VEZEL BRAGG-SENSOREN 
7.1 Vervormingmeter met lange meetbasis 
7.1.1 Probleemstelling 
Modale beproeving is een waardevolle techniek voor het bepalen van de structurele 
gezondheid van grote bouwkundige constructies (bijvoorbeeld bruggen).  Met 
behulp van een shaker wordt de constructie aan het trillen gebracht en de hierbij 
optredende versnellingen worden opgemeten met accelerometers.  Op deze manier 
kunnen eigenfrequenties en mode-vormen bepaald worden.  Voor een nog betere 
interpretatie van de resultaten, vaststelling en lokalisatie van schade, wordt veel 
verwacht van een meting van modale rekken wat met de klassieke meetmethodes 
niet mogelijk lijkt en waarvoor dus specifieke instrumentatie dient ontwikkeld te 
worden. 
7.1.2 Beschouwingen bij ontwerp 
De vervormingmeter zal toegepast worden voor metingen van modale rekken van 
een betonbalk met een lengte van 17,6 m en een hoogte van 0,8 m die aan het trillen 
zal gebracht worden met behulp van een excentrisch valgewicht op een eindblok 
van de balk.  Er wordt vooropgesteld dat minimaal tot 50 Hz dient gemeten te 
worden; tot 200 Hz is wenselijk.  Dit vereist dat de eerste eigenfrequentie, bepaald 
door stijfheid en massa, voldoende hoger is dan deze 50 (respectievelijk 200) Hz.  
De stijfheid mag echter niet te hoog zijn, zodat de bevestigingspunten geen te grote 
krachten dienen over te dragen.  De modale rekken die zullen optreden, worden 
verwacht zeer klein te zijn (uiteraard afhankelijk van de geïnduceerde impact).  Er 
wordt vooropgesteld dat een meetbereik tussen - en + 40 me  met een resolutie van 
ongeveer 0,1 me  dient bemonsterd te kunnen worden!  Een meetbasis van ongeveer 
500 mm is vereist, zodat verwacht kan worden dat na statische belastingsproeven 
minimaal een tweetal scheuren in het beton binnen deze zone zullen liggen. 
7.1.3 Prototype ontwerp 
De  resolutie van het beschikbare demodulatie-instrument is ongeveer 1 me  en het 
meetbereik 8.000 me .  Door vergelijking met de opgelegde voorwaarden (0,1 me  
voor een meetbereik van 80 me ) lijkt het wenselijk de werkelijke vervormingen ‘om 
te vormen’ naar hogere waarden.  Er werd een ontwerp uitgewerkt waarbij de 
volledige vervorming van de meetbasis (500 mm) overgedragen wordt naar een 
optische vezel van 20 mm (met centraal een Bragg-sensor van 10 mm lang).  Deze 
overdracht wordt verwezenlijkt door de vezel te verlijmen tussen de uiteinden van 
twee concentrische aluminiumbuizen waarvan de binnenste buis slechts aan één 
kant is vastgemaakt aan de buitenste buis, die op haar beurt met de constructie zal 
worden verbonden.  Deze buitenste buis volgt dus de vervorming van de 
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constructie en draagt deze via de binnenste buis over naar de optische vezel.  
Theoretisch kan aldus verwacht worden dat de rekken zullen vergroot worden met 
een factor 25. 
 
Figuur 28: Prototype-ontwerp van een vervormingsmeter met lange meetbasis. De volledige vervorming van het 
meetinstrument wordt overgedragen op een optische vezel met Bragg-sensor. 
7.1.4 Eindige-elementen-simulaties 
Het voorgestelde ontwerp van prototype is uitgebreid gevalideerd met behulp van 
eindige-elementen-simulaties.  De eigenfrequenties van een volledig 
driedimensionaal model werden gesimuleerd; de eerste eigenfrequentie blijkt bij 288 
Hz te liggen en exciteert een buigmode.  Een eigenmode in de vorm van een 
langstrilling wordt slechts bij een frequentie van 1.867 Hz geëxciteerd.  De 
vervormingmeter voldoet op dit punt dus ruimschoots aan de gestelde vereisten. 
De respons van de sensor werd gesimuleerd aan de hand van een tweedimensionaal 
axiaal symmetrisch model.  Uit een statische simulatie blijkt de optische vezel een 
vervorming te ondergaan die 23 x groter is dan deze van de vervormingmeter.  Deze 
waarde werd gevalideerd aan de hand van een reeks simulaties waarbij een 
harmonische excitatie (met frequenties van 10 tot 125 Hz) aan de vervormingmeter 
werd opgelegd.  De simulaties geven aan dat de quasi-statische analyse, ondanks het 
sterk dynamisch karakter van de harmonische excitatie, een perfecte benadering 
oplevert voor de rekken binnen het beschouwde frequentiegebied; dit hoofdzakelijk 
door de zeer hoge waarde van de eerste eigenfrequentie van een longitudinale mode 
en de quasi gelijkmatige spreiding van de massa langsheen de lengte van de 
vervormingmeter.  Hierdoor mag de vervorming van de vervormingmeter 
rechtstreeks uit de aangelegde kracht worden berekend. 
7.1.5 Experimenten 
Statische trekproeven werden uitgevoerd in een universele testmachine.  De 
verhouding van de rek gemeten met de vervormingmeter tot deze berekend uit de 
kracht opgelegd aan de vervormingmeter duidt op een vergrotingsfactor tussen 18,6 
en 20,4.  De vervormingmeter werd ook dynamisch beproefd door harmonische 
excitatie in de langsrichting met behulp van een shaker.  De aangelegde kracht en 
resulterende versnellingen werden opgemeten met behulp van een zogenaamd 
impedantiehoofd.  Daar de versnellingen duidelijk onbetrouwbare resultaten 
opleverden werd de vergrotingsfactor opnieuw bepaald uitgaande van de kracht en 
blijkt inderdaad ongeveer tussen 19 en 19,5 te liggen.  Tijdens de proeven werden 
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met behulp van de Bragg-sensor vervormingen van slechts 3 mm groot gemeten (zie 
Figuur 29) met een geschatte resolutie van 0,025 mm! 
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Figuur 29: Gemeten Bragg-rek tijdens harmonische excitatie van de vervormingsmeter bij een frekwentie van 
60 Hz en met een aangebrachte kracht van 30 N. 
De zeer goede dynamische respons van de vervormingmeter blijkt duidelijk uit een 
experiment waarbij in een tijdsspanne van anderhalve seconde een excitatie met 
frequentie variërend van 0 tot 150 Hz werd opgelegd (swept sine excitation). 
Een tweetal metingen uitgevoerd met de extensometer bevestigd op een 
grootschalige betonnen ligger (zie Figuur 30) tonen duidelijk de kracht van het 
ontworpen instrument.  De opgemeten modale rekken zijn duidelijk sterk gewijzigd 
na (ernstige) beschadiging van de betonnen ligger. 
Nederlandse samenvatting (Dutch Summary) 
lxiii 
 
Figuur 30: Extensometer aangebracht op de onderste flens van een grote betonbalk om de modale rekken ten 
gevolge van een stootbelasting te meten.  Ook ziet men twee accelerometers bovenaan de balk en de meetpunten 
voor meting van permanente vervorming. 
7.2 Krachtcel type ‘hondenbeen’ 
7.2.1 Probleemstelling 
Binnen de vakgroep Mechanische Constructie en Productie is een belangrijk deel 
van het onderzoek gericht op het vermoeiingsgedrag van composieten.  Ter validatie 
van ontwikkelde materiaalmodellen, is een proefstand opgebouwd waarin kleine 
composietplaatjes kunnen onderworpen worden aan verplaatsingsgestuurde 
buigvermoeiing.  Tijdens het vermoeiingsexperiment ondergaat het proefstuk een 
geleidelijke afname in (buig)stijfheid wat zich uit in een dalende kracht vereist om de 
opgelegde verplaatsing te realiseren.  Deze kracht wordt gemeten met een 
aluminium krachtcel uitgerust met rekstrookjes (temperatuurgecompenseerde).  
Door gekalibreerde massa’s aan de krachtcel te hangen wordt  de relatie tussen 
opgelegde kracht en gemeten rek bepaald. 
Tijdens experimenten blijkt dat de rekstrookjes ook hier gevoelig zijn aan drift.  Dit 
lijkt misschien niet echt een groot probleem daar men uit de amplitude van het 
signaal de opgelegde kracht haalt.  Nu blijkt echter dat bij bepaalde 
composietmaterialen een belangrijke permanente vervorming is opgetreden.  Om 
deze te kunnen bepalen dient een absolute meting te kunnen worden verricht.  Dit 
kon tot hiertoe echter niet met voldoende betrouwbaarheid uit de signalen van de 
rekstrookjes worden gehaald. 
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7.2.2 Ontwerp van een krachtcel op basis van Bragg-sensoren 
Daar Bragg-sensoren duidelijk in staat zijn om absolute metingen te verrichten, werd 
gedacht de krachtcel te herontwerpen en de rekstrookjes te vervangen door Bragg-
sensoren.  Deze Bragg-sensoren werden gelijmd in een minuscuul groefje in het 
cilindrisch gedeelte van de krachtcel (zie Figuur 31), op twee tegenovergestelde 
plaatsen.  Rekstrookjes werden aangebracht ter vergelijking.  De goede werking van 
het ontwerp werd gevalideerd aan de hand van eindige-elementen-simulaties. 
 
Figuur 31: Aanbrengen van een Bragg-sensor in een klein groefje van het cilindrisch gedeelte van de krachtcel. 
7.2.3 Eerste experimentele resultaten 
Een eerste vermoeiingsproef werd uitgevoerd op een composietmateriaal bestaande 
uit glasweefsel versterkt epoxy, waarbij de vezels hoeken van +/- 45° maken met de 
langsrichting van het proefstuk.  Voor dit materiaal wordt immers een belangrijke 
permanente rek verwacht.  Het plaatje (145 mm x 28 mm x 3 mm) onderging een 
totaal van ongeveer 170.000 cycli; elke 15 minuten werden een twintigtal cycli 
opgemeten.  In de Engelse tekst worden de cycli geïllustreerd die werden gemeten 
bij het begin, halfweg en op het einde van de proef. 
De metingen van de Bragg-sensoren (zie Figuur 32) geven aan dat tijdens de proef 
drukspanningen zijn ontstaan, terwijl dit niet het geval is voor de rekstrook-
metingen.  Visueel kon een zeer duidelijke permanente rek worden vastgesteld.  De 
krachtcel op basis van Bragg-sensoren slaagt er dus duidelijk in het mechanisch 
gedrag van het proefstuk in de vermoeiingsopstelling op een meer correcte manier 
op te volgen. 
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Figuur 32: Reksignalen geregistreerd met Bragg-sensoren gedurende de eerste cycli, de laatste cycli en 
halverwege het experiment. 
8 METEN VAN MEERDIMENSIONALE 
SPANNINGEN EN REKKEN MET BRAGG-
SENSOREN 
8.1 Probleemstelling 
In hoofdstuk 3 werd de relatie tussen verschuiving in Bragg-golflengte en 
mechanische rek besproken, gebaseerd op de theorie van Butter en Hocker waarin 
verondersteld wordt dat de optische vezel puur axiaal belast wordt.  Deze relatie 
wordt beschreven door een ‘rek-optische’ coefficient P, die bepaald wordt door de 
afhankelijkheid van de brekingsindex t.o.v. mechanische rek.  Dit foto-elastisch 
effect geldt echter in drie dimensies wat betekent dat de Bragg-golflengte afhankelijk 
zal zijn van de globale, meerdimensionale spanningstoestand. 
8.2 Gevoeligheid van een Bragg-sensor voor een meerdimensionale 
spanningstoestand 
8.2.1 Verband tussen mechanische rek en wijzigingen in de 
brekingsindex 
De wiskundige formulering van het foto-elastisch effect, in de drie dimensies, wordt 
hieronder gegeven.  Hierin wordt een ‘rek-optische’ p tensor gedefinieerd die het 
verband tussen mechanische rek e  en wijzigingingen in de brekingsindex n beshrijft. 
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Het specifieke geval van een optische vezel, beschouwd als isotroop materiaal, leidt 
tot een uitdrukking afhankelijk van twee zogenaamde ‘rek-optische’ coëfficiënten p11 
en p12 die afhankelijk zijn van de precieze materiaalsamenstelling. 
8.2.2 Afhankelijkheid voor pure axiale belasting 
Vertrekkend van de wiskundige formulering uit vorige paragraaf wordt de correcte 
wiskundige uitdrukking voor de rek-optische coëfficiënt P (in hoofdstuk 3 
ingevoerd) afgeleid. 
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Hierin is n de coëfficiënt van Poisson van de optische vezel.  Deze dient als 
vergelijkingspunt voor andere spanningstoestanden die in de volgende paragrafen 
zullen worden besproken. 
8.2.3 Gevoeligheid voor druk 
Een uitdrukking voor de verschuiving in Bragg-golflengte onder invloed van een 
radiale druk op de optische vezel wordt in deze paragraaf afgeleid.  In analogie met 
voorgaande paragraaf wordt een relatie tussen golflengteverschuiving en axiale rek 
afgeleid.  Deze toont aan dat de P-factor (de term tussen accolades in de 
vergelijking) inderdaad sterk afhankelijk is van de spanningstoestand. 
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8.2.4 Gevoeligheid voor transversale spanningen 
Volledig gelijkaardig wordt de invloed van transversale spanningscomponenten (syy) 
op de verschuiving in Bragg-golflengte afgeleid en besproken.  Het blijkt dat de 
brekingsindexwijziging verschillend is voor orthogonale richtingen in de 
dwarsdoorsnede van een optische vezel, met een periodische afhankelijkheid in 
functie van de beschouwde polarisatierichting. 
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Dit betekent dat het spectrum teruggekaatst door de Bragg-sensor zal verbreden en, 
als de spanningen hoog genoeg zijn, twee onderscheiden pieken kan bevatten. 
8.2.5 Willekeurige spanningstoestand 
De brekingsindexwijzigingen onder invloed van een meerdimensionale 
spanningstoestand worden wiskundig afgeleid en, in analogie met de klassiek 
gebruikte rek-optische coëfficiënten uit de eerste paragraaf, worden spannings-
optische coëfficiënten P1 en P2 gedefinieerd.  
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De invloed van de orïentatie van de polarisatierichtingen van een vezel ten opzichte 
van de aangrijpende belasting wordt aangetoond en in rekening gebracht door het 
invoeren van ‘getransformeerde rek-optische coëfficiënten’ P1’ en P2’. 
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Hierin is f  de hoek tussen het structurele assenstelsel x,y (verbonden aan het 
materiaal waarin de vezel is ingebed) en het assenstelsel van de polarisatierichtingen 
x’,y’ van het propagerende licht. 
8.2.6 Algemene formuleringen 
Op basis van de algemene Bragg-voorwaarde en de afleidingen uit voorgaande 
paragraaf worden algemene uitdrukkingen afgeleid voor de golflengteverschuiving 
van een Bragg-sensor onder invloed van een willekeurige spanningstoestand.  Voor 
een overzicht van de wiskundige formuleringen wordt opnieuw verwezen naar de 
Engelse tekst.  De relatieve Bragg-golflengteverschuiving ten opzichte van één 
specifieke spanningscomponent wordt bepaald door het definiëren van ‘spannings-
factoren’ GFs.   
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Geheel analoog worden ‘rek-factoren’ GFe gedefinieerd die de invloed van een 
meerdimensionale spanningstoestand uitdrukt in functie van de componenten van 
de rektensor. 
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8.2.7 Numeriek voorbeeld 
Op basis van de bovenstaande numerieke formuleringen, werden een aantal 
belastingsschema’s doorgerekend.   Meer specifiek werd het geval van een Bragg-
sensor ingebed in een vezelgewikkeld drukvat gesimuleerd.  Hieruit blijkt dat de 
invloed van de aanwezigheid van een transversale spanningscomponent een fout 
van minder dan 4% veroorzaakt bij het gebruik van de klassieke formules 
(veronderstelling van pure axiale belasting). 
8.2.8 Opmerkingen 
Uit voorgaande paragrafen is gebleken dat metingen met Bragg-sensoren sterk 
afhankelijk zijn van de spanningstoestand waaraan ze onderhevig zijn, en ook aan de 
oriëntatie van de polarisatierichtingen van de optische vezel.  Dit is van belang voor 
het gebruik van ingebedde sensoren in structurele componenten bestaande uit 
(dikke) composietlaminaten.  Door het optreden van schade en dus degradatie van 
het composiet, zal immers een interne herverdeling van de spanningen optreden.  
Door een juiste positionering van de optische vezel, gelijklopend met de 
versterkingsvezels, kan in laboratorium-omstandigheden (dunne laminaten) 
redelijkerwijze de ‘traditionele’ berekeningswijze voor een sensor onderworpen aan 
pure axiale belasting worden gebruikt. 
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8.3 Meten van meerdere spanningscomponenten met Bragg-
sensoren in polarisatiebehoudende vezels 
8.3.1 Polarisatiebehoudende vezels 
In een standaard monomode optische vezel zal de polarisatietoestand van 
ingekoppeld licht wijzigingen ondergaan tijdens de voortplanting, dit als gevolg van 
storende omgevingsinvloeden en geometrische afwijkingen van perfect rechte en 
axisymmetrische vezels.  Polarisatiebehoudende optische vezels vormen een speciale 
klasse monomode vezels waarin licht wordt geleid langsheen orthogonale 
polarisatierichtingen met verschillende brekingsindices.  Dubbelbrekende optische 
vezels kunnen bekomen worden door geometrische effecten (ellipsvormige kern) of 
door thermo-elastische insluitsels in de vezel.  Deze laatste veroorzaken residuele 
spanningen in de kern van de vezel met dubbelbreking als gevolg. 
8.3.2 Bragg-sensoren in polarisatiebehoudende vezel 
Wanneer een Bragg-rooster wordt ingeschreven in de kern van een 
polarisatiebehoudende vezel zal, door het verschil in brekingsindex, de Bragg-
voorwaarde voor elke polarisatierichting een verschillende Bragg-golflengte 
opleveren.  Onder invloed van een meerdimensionale spanningstoestand zullen, 
zoals voorgaand besproken, de beide pieken in verschillende mate verschuiven.  
Hierdoor beschikt met over twee metingen waardoor mogelijks twee 
spanningscomponenten kunnen berekend worden. 
Door nu op (dezelfde plaats) in de vezel twee Bragg-roosters met voldoend 
verschillende roosterconstante te schrijven, wordt een multi-axiale sensor gevormd.  
Er zullen nu immers vier onderscheiden pieken optreden in het gereflecteerde 
spectrum.  Hierdoor moet het theoretisch mogelijk zijn om vier verschillende 
grootheden (drie spanningscomponenten en temperatuur) te bepalen.  Puur axiale 
spanning en temperatuurswijzigingen zullen weerspiegeld worden in een globale 
verschuiving van het spectrum (zie Figuur 33(b)), terwijl transversale 
spanningscomponenten zich vertalen in een wijziging van het golflengteverschil van 
de twee pieken horend bij eenzelfde Bragg-rooster (zie Figuur 33(c)).  De 
haalbaarheid van dit nieuwe type sensor dient uiteraard experimenteel te worden 
gevalideerd. 
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Figuur 33:Spectra van een multi-axiale Bragg-sensor ten gevolge van verschillende belastingsschema’s: (a) 
begintoestand zonder mechanische of thermische rek, (b) zuiver axiale spanning of uniforme 
temperatuurswijziging, (c) transversale spanning met splitsen van de spectra als gevolg. 
Als opstart voor verder onderzoek werden een tweetal calibratie-instrumenten 
ontworpen en vervaardigd waarmee multi-axiale sensoren aan verschillende, goed 
gekende, spanningstoestanden kunnen worden onderworpen.  Ondertussen werd 
ook de nodige optische apparatuur aangeschaft voor de uitlezing van deze sensoren.  
De mogelijkheid van het meten van drie onderling loodrechte 
spanningscomponenten zou betekenen dat deze multi-axiale sensoren kunnen 
gebruikt worden in de opvolging van de (inwendige) degradatie van 
composietmaterialen. 
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9 BESLUITEN: VERWEZENLIJKINGEN EN 
PERSPECTIEVEN 
9.1 Overzicht van het uitgevoerde werk 
9.1.1 Filosofie van het werk 
De ontwikkeling van systemen voor continue opvolging van constructies is een 
logische uitbreiding van het wereldwijde onderzoek naar methodes om (composiet) 
materialen op een niet-destructieve wijze te gaan evalueren en opvolgen.  De 
uitbreiding bestaat er in dat men in staat wil zijn om de ‘gezondheid’ van een 
constructie in bedrijf, op elk ogenblik te kunnen valideren.  Dit houdt zowel voor 
de gebruiker voordelen in (veiliger, goedkoper en beter gebruik) als voor 
ontwerpers en onderzoekers (validatie van gebruikte materiaalmodellen en 
ontwerpregels). 
9.1.2 Inbedden van optische vezels in composietmaterialen en 
rekmetingen 
Optische vezels werden zonder grote problemen ingebed in composietmaterialen 
voor twee verschillende fabricatieprocessen.  Mits de nodige zorg overleefden de 
optische-vezel-sensoren de hoge drukken en temperaturen van een autoclaafproces 
en werden ze ingebed tijdens het wikkelproces.  Uit trekproeven op ‘naakte’ 
optische vezels met Bragg-sensor blijkt de perfecte lineaire afhankelijkheid van 
de Bragg-golflengte in relatie tot de aangelegde rek.  Beproeving van laminaten 
met ingebedde sensoren toont duidelijk aan dat de Bragg-sensoren gebruikt kunnen 
worden voor het uitvoeren van repetitieve en absolute metingen, en dat ze een 
perfecte aanduiding geven van de werkelijk opgelegde rek.  Trillingsproeven tonen 
aan dat frequentieanalyse van de signalen van de ingebedde sensoren een zeer 
interessant tool kan vormen om de structurele integriteit op te volgen. 
9.1.3 Opvolgen van rek in een composietplaat en ontwerp van een 
‘weeginstrument’ 
Als representatief structureel element werd een composietplaat vervaardigd waarin 
vier Bragg-sensoren werden ingebed.  Deze plaat werd onderworpen aan belasting 
‘uit het vlak’ voor verscheidene configuraties van de randvoorwaarden.  De 
gemeten rekken met de Bragg-sensoren werden vergeleken met eindige-elementen-
simulaties en vertonen een goede overeenkomst, rekening houdend met inherente 
vereenvoudigingen en benaderingen in de simulaties.  Deze plaat werd ook gebruikt 
als weeginstrument voor de detectie, bepaling van plaats en gewicht, van een 
opgelegde belasting.  Een numeriek algoritme werd voorgesteld en experimenteel 
gevalideerd.  Mogelijke toepassing bestaat in het traceren en wegen van aslasten van 
verkeer over belangrijke wegen of kunstwerken. 
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9.1.4 Opvolgen van drukvaten onder ‘werkelijke’ omstandigheden 
Een werkelijke composietconstructie, met name een drukvat, werd uitgebreid 
getest.  Zowel ingebedde als uitwendig aangebrachte sensoren werden hiervoor 
gebruikt.  Een ‘remote’ proefopstelling, interessant voor werkelijke toepassingen, 
werd uitgewerkt voor het uitvoeren van een gedeelte van de experimenten.  De 
eerste reeks experimenten, statische en traag variërende drukken, tonen een zeer 
goede afhankelijkheid van de Bragg-rek ten opzichte van de druk.  De met een 
optische spectrum analyser geregistreerde Bragg-signalen werden wel sterk 
beïnvloed door ruis maar de extractie van de piekgolflengte kon door een 
mathematische filtertechniek worden opgelost.  Een commercieel aangeschaft 
toestel werd gebruikt voor een tweede reeks experimenten met uitwendig 
aangebrachte sensoren.  Het samenvoegen van alle experimenten in één database en 
de analyse hiervan leidt tot de duidelijke conclusie dat de Bragg-sensor een ideale 
reksensor is voor composieten drukvaten, door de absoluutheid van de metingen, de 
perfecte lineaire afhankelijkheid van de rek en de aangelegde druk en de 
minimale spreiding op de resultaten.  Een aantal onverwachtse gebeurtenissen, 
bijvoorbeeld een lek tijdens een experiment werd waargenomen met de Bragg-
sensor maar niet in het druksignaal, wat duidelijk het belang van opvolgen en de 
geschiktheid van Bragg-sensoren aanduidt.  In een andere proefopstelling werden 
ook dynamische verschijnselen (pompslagen) met hoge resolutie waargenomen.  
Vergelijkende metingen werden uitgevoerd tussen rekstrookjes en Bragg-
sensoren.  Er is een redelijke overeenkomst in de meetwaarden, maar de 
rekstrookjes zijn duidelijk gevoelig voor (belangrijke) drift terwijl de Bragg-sensoren 
ten alle tijde stabiele signalen gaven.  Uiteindelijk werd een drukvat ook aan een 
barstproef onderworpen tijdens dewelke ook de akoestische activiteit werd 
geregistreerd.  Een gedetailleerd onderzoek van alle signalen toont aan dat 
belangrijke akoestische activiteit, door het optreden van schade, ook kan 
waargenomen worden door de Bragg-sensoren.  Het optreden van schade wordt 
duidelijk gereflecteerd in het mechanisch gedrag van het drukvat.  De combinatie 
van het opvolgen van schade en vervormingen is duidelijk voordelig voor het 
bepalen van de gezondheid van een constructie vervaardigd uit composiet. 
9.1.5 Ontwikkeling van meetinstrumenten 
 
Een vervormingmeter met grote meetbasis (500 mm) werd ontworpen.  Deze 
wordt gebruikt voor het meten van zeer kleine modale rekken van grootschalige 
bouwkundige constructies.  Het ontwerp werd uitgebreid onderzocht door eindige-
elementen-simulatie.  Statische en dynamische beproevingen tonen aan dat zeer 
nauwkeurige metingen van de kleine modale vervormingen kunnen worden 
verricht; zo werd een vervorming van 3 micrometer met een resolutie van ongeveer 
0,05 micrometer opgemeten tijdens een opgelegde dynamische excitatie tot 150 Hz. 
Er werd tevens een optimalisatie doorgevoerd van een bestaande krachtcel op 
basis van rekstrookjes.  Deze krachtcel wordt gebruikt tijdens het uitvoeren van 
vermoeiingsproeven op kleinschalige composietplaatjes maar kon door drift in de 
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rekstrook-signalen enkel beperkte informatie geven.  Door het gebruik van Bragg-
sensoren kan nu ook betrouwbare absolute informatie worden verkregen en is 
het mogelijk om de permanente vervorming die de proefstukken ondergaan te 
registreren. 
De combinatie van het opvolgen van mechanische vervormingen en van het 
optreden van schade laat duidelijk toe het mechanisch gedrag van een 
constructie te ‘begrijpen’.  Aangevuld met eindige-elementen-simulaties 
gebaseerd op geschikte schademodellen voor composietmaterialen kan in de 
toekomst leiden tot een zeer precieze opvolging van de ‘gezondheid’ van de 
constructie. 
9.1.6 Invloed van een meerdimensionale spanningstoestand op de 
verandering van Bragg-golflengte en mogelijke toepassing als 
schade-sensor 
De invloed van een meerdimensionale spanningstoestand op de verschuiving 
van de Bragg-golflengte werd theoretisch onderzocht en is duidelijk van groot 
belang.  Zo zal bijvoorbeeld onder een transversale spanning het teruggekaatste 
Bragg-spectrum mogelijks gesplitst worden in twee duidelijk te onderscheiden 
pieken.  Zeer algemene wiskundige formuleringen die de invloed van een 
meerdimensionale spanningstoestand beschrijven, werden hiertoe afgeleid.  
De invloed van de oriëntatie van de polarisatierichtingen van de vezel ten opzichte 
van de structurele hoofdrichtingen werd aangetoond.  Uiteindelijk wordt de 
mogelijkheid besproken om polarisatiebehoudende optische vezels met Bragg-
sensor te gebruiken voor de bepaling van de spanningscomponenten.  Dit type 
sensor belooft een krachtig instrument te worden voor het opvolgen van schade in 
een composiet. 
9.2 Aanbevelingen voor verder werk 
Van het grootste belang is dat de sensoren aan een economisch aanvaardbare 
prijs ter beschikking zouden komen.  Hiervoor dienen bestaande 
fabricatietechnieken geoptimaliseerd te worden voor massaproductie. 
De ontwikkeling en commercialisering van ‘uitlees’-apparaten is een zeer 
belangrijke taak.  Voor praktijktoepassingen lijkt een autonoom toestel gewenst, dat 
via GSM of internet in verbinding staat met de bevoegde personen.  De 
ontwikkeling van een chip of substraat waarop alle elementen worden geïntegreerd 
en dat eventueel volledig kan ingebed worden in een composiet zou een ideale 
situatie zijn…  In samenwerking met de vakgroep Informatietechnologie 
zullen in het kader van een afstudeerwerk een aantal mogelijkheden worden 
onderzocht. 
De ontwikkeling van geschikte connectors die mee kunnen ingebed worden in 
het composietmateriaal is noodzakelijk maar niet vanzelfsprekend door de hoge 
vereiste nauwkeurigheid en de ‘ruwe’ fabricagetechnieken. 
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De toepassing van meerdere sensoren op één vezel (multiplexing) lijkt zeer 
interessant om verder te onderzoeken daar dit toelaat een constructie in meerdere 
punten op te volgen en dus een meer globale indicatie van de integriteit te 
verkrijgen. 
Het meten van meerdimensionale vervormingcomponenten met behulp van 
Bragg-sensoren in polarisatiebehoudende vezels zou er kunnen toe leiden dat naast 
pure uni-axiale rekmetingen een interpretatie mogelijk wordt van de evolutie van 
schade in het materiaal. 
De combinatie van meerdere monitortechnieken en de acquisitie, opslag, verwerking 
en interpretatie van deze resultaten (data fusion) moet aanleiding geven tot een zeer 
goede evaluatie van zowel schade als vervorming van een constructie. 
Ideale testcase is uiteraard het uitvoeren van monsterprojecten op werkelijke 
constructies en een noodzakelijk stap om autoriteiten en gebruikers te overtuigen 
van de noodzaak van monitortechnieken en van de voordelen van Bragg-sensoren.  
Momenteel is de auteur reeds betrokken bij projecten in samenwerking met 
de vakgroep Bouwkundige Constructies omtrent de opvolging van een 
tweetal bruggen en een kaaimuur.  In het kader van een afstudeerwerk, en in 
samenwerking met het bedrijf Pentair, zal gestart worden met de opvolging 
op langere termijn van werkelijke composiet drukvaten. 
  
 
 
 1 
CHAPTER 1  
 
INTRODUCTION 
In the first part of this chapter a brief problem statement from which 
this dissertation originated and the justification of its main topic – 
structural monitoring - are given.  Thereafter the reader will be 
introduced to the key aspects of this work: composite materials, 
techniques for instrumented monitoring and optical fibre sensors.  It 
was not the intention of the author to give a very detailed discussion 
on these topics, but to sketch out and familiarize the reader with the 
framework of the research domain in which this dissertation can be 
situated.  The chapter ends with a summary of the contents of the 
different chapters. 
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1.1 PROBLEM STATEMENT AND JUSTIFICATION 
OF THE DISSERTATION 
Today one can find many structures that are in service since many years.  Quite a 
few of these have already exceeded their design lifetime and some are in an 
advanced stage of deterioration.  This can affect the reliability of mechanical and 
civil structures of which the integrity is of primordial importance, and thus has a 
direct impact on safety.  Just a few examples are aeroplanes, pipelines, pressure 
vessels, chemical installations, bridges, buildings, dams and certain machine parts 
under severe stress conditions. 
This is even truer for structures made of fibre-reinforced composites, because of 
the lack of experience with the long-term behaviour of these materials, 
notwithstanding the many structures that yet have been built.  It is a well-known 
fact that composite structures undergo a gradual degradation during lifetime as a 
result of different forms of damage.  This degradation shows, among other things, 
in a decreasing stiffness.  At the other hand it is well known also that, although 
initial damage can occur at an early stage of use, composite structures can be used 
much longer in a safe way.  Design tendencies therefore aim at damage tolerant 
structures.  A correct assessment of their lifetime therefore requires a continuous 
monitoring of the integrity (or condition, health) of the structure.  The 
consequences of a collapse of a composite structural element are evident from the 
following catastrophic event. 
On November 12, 2001, an Airbus A-300 (see Figure 1.1) crashed into a residential 
neighbourhood shortly after takeoff from John F. Kennedy International Airport in 
New York [1].  The crash killed all 260 people aboard and five people on the 
ground.  According to the authorities, this was the first major commercial crash 
involving composites.  The vertical tail of the Airbus, a laminated carbon 
fibre/epoxy matrix composite structure, fell off during the flight after violent 
shaking of the plane.  Investigation showed that failure occurred at the composite 
lugs on the tail (see inset on Figure 1.1), which attached to pinned joints (these 
remained intact) on the fuselage.  Within a few days after the crash, the FAA 
(Federal Aviation Administration) ordered inspections of other Airbus A-300 tails 
because delaminations due to fatigue were suspected.  The FAA also issued new 
inspection requirements for the future on different types of aeroplanes. 
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Figure 1.1: Aeroplane type Airbus A-300, with inset showing one of  the broken attachment points on the 
vertical tail, which caused an aeroplane of this type to crash shortly after takeoff [1]. 
At this moment, the surveillance of (composite) structures under high load is mainly 
based on personal experience and regular visual inspections, possibly 
supplemented with techniques such as ultrasonic inspection, acoustic emission or 
radiography.  These various inspection techniques are labour intensive and require 
highly educated personnel for the interpretation of the resulting data.  Besides the 
possible subjective interpretation of these data, there is still the possibility of 
occurrence of important damage in between two inspection intervals.  Inspection is 
further time consuming because the structures must generally be taken out of 
service during a certain period of time, causing serious financial implications; just 
think of the economic consequences when a wind turbine or an aeroplane are out 
of use. 
For these reasons, interest is increasing for techniques that can monitor permanently 
and continuously the structural integrity (sometimes referred to as condition or 
health) of mechanical and civil engineering structures during their fabrication, 
installation and lifetime.  The possibility of using optical fibre sensors as 
monitoring technique is attracting considerable interest since it is both operationally 
and mechanically compatible with the material and the functional specification of 
the system, and it has some important advantages over conventional sensors.  This 
will be discussed in more detail in paragraph 1.2.3. 
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The monitoring of the mechanical behaviour of a structure or structural element in 
practice implies the continuous observation of (some of) its properties.  These can 
include the detection of possible damage or the measurement of mechanical, 
physical and chemical quantities, such as deformation, pressure, vibration, 
temperature, corrosion, moisture, etc.   
Through the possibility of continuous monitoring, the number of regular 
inspections can be drastically reduced, or regular inspections can even become 
totally unnecessary.  Only at the time that some aberrant behaviour is recorded, a 
more thorough inspection should be performed, without doing any concession to 
personal safety.  In principle one can immediately detect damage of the structure, 
permanent or temporary overloads, inadmissible vibrations, abnormal temperatures, 
etc.  As a result, a fast and appropriate intervention can be carried out. 
A further major advantage of monitoring techniques is that, provided one disposes 
of adequate simulation tools, an estimation of the remaining lifetime of a 
structure in the longer term will be possible at each instant, in function of recorded 
loads, number of fatigue cycles, eventual overloads, etc. 
Monitoring composite structures finally has yet an additional important advantage.  
Existing design guidelines for (complex) composite structures are sometimes based 
on subjective information about structural condition coupled with outdated, 
untested or worse, invalid assumptions about material behaviour and performance 
and their relationship to damage, deterioration and defects.  This is mainly because 
of the relatively high spread and uncertainty of the properties of these 
heterogeneous and anisotropic materials, and because of the still existing lack of 
knowledge of the long-term mechanical behaviour of fibre reinforced plastics in 
general.  Therefore high safety factors must be applied in design rules; after all the 
aspect of safety is of major importance.  But also, very often, external parameters 
such as loading conditions and environmental conditions are not well known at the 
moment of design, and thus here also a certain level of uncertainty is taken into 
account.  The possibility of monitoring the condition of an in-service structure 
should certainly elucidate these matters, and should greatly enhance our insight 
and confidence in the (long-term) behaviour of these composite structures.  
The feedback from recorded loads, deformations and temperatures of (parts of) 
existing structures in real conditions, can lead to very valuable information for 
design conditions, or even to the adaptation of current standards and rules. 
From the discussion above, it should be clear that (instrumented) monitoring should 
become a key component in the design process of any structural application.  The 
major benefits of such real-time monitoring systems can be summarized as 
improved performance, reduced costs, and improved safety. 
The successful deployment of monitoring techniques to composite structures could 
lead to aircraft that are safer, lighter, more efficient, easier to maintain and to 
service; pipelines, pressure vessels and storage tanks that constantly monitor 
their structural integrity and immediately issue an alert if any problem is detected; 
space platforms that check for pressure leaks, unwanted vibrations, excessive 
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thermal build-up, and deviation from some preassigned shape; wind turbine 
blades that are lighter, larger, more efficient as over-engineering will be eliminated, 
and thus have higher economic value. 
1.2 CONTEXT OF THE SUBJECT 
This is not the place to go into deep detail on composites, monitoring techniques or 
optical fibre sensors.  Therefore the reader is pointed to the literature.  It was merely 
the intention to sketch the context of this dissertation and familiarize the reader 
with some general considerations necessary for better understanding of the 
continuation of this work. 
1.2.1 Composites [2,3,4,5] 
1.2.1.1 Definition 
A composite material consists of two or more separate materials, combined in a 
macroscopic structural unit.  It is thus a heterogeneous material.  The most 
common example is the fibrous composite consisting of reinforcing fibres 
(discontinuous phase) embedded in a binder, or matrix material (continuous 
phase), possibly physically separated by a boundary layer.  Particle or flake 
reinforcements are also used, but they are not so effective as fibres.  In what 
follows, the general term composites will be used to refer to the specific category of 
fibre-reinforced polymers (or plastics). 
1.2.1.2 Fibre and matrix materials 
The three most important types of reinforcing fibres are glass fibres, carbon fibres 
and organic fibres.  Fibreglass-reinforced plastics were among the first structural 
composites.  Composites incorporating glass or other relatively low modulus fibres 
are used in many high-volume applications because of their low cost.  E-glass 
(named for its electrical properties) accounts for most of the glass fibre production 
and is the most widely used reinforcement for composites.  Glass/epoxy and 
glass/polyester composites are used extensively in applications ranging from fishing 
rods to storage tanks and aircraft parts.  Carbon (<95% C) or graphite (>99% C) 
fibres are the most widely used ‘advanced’ fibres, and graphite/epoxy or 
carbon/epoxy composites are now used routinely in aerospace structures where 
their higher cost can be justified based on improved performance.  (Poly)aramid 
fibres are the most widespread organic fibres.  Well-known are the Kevlarâ-fibres 
produced by duPont.  These fibres were originally developed for use in radial tires 
but are now more extensively used in structural applications.  The density of 
Kevlarâ is about half that of glass and its specific strength is among the highest of 
currently available fibres.  Kevlarâ also has excellent toughness, ductility, and 
impact resistance, unlike brittle glass or graphite fibres.  The list of advanced fibres 
is steadily increasing (metal fibres, ceramic fibres, boron fibres, …), and it is not 
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feasible to discuss all of them here.  They have found a number of high-cost 
applications where their particular properties have proved to be beneficial. 
A plot of specific modulus versus specific tensile strength for different types of 
fibres is given in Figure 1.2 and a comparison is made with more conventional 
materials such as steel and aluminium.  Obviously, on a weight basis, fibrous 
materials have great potential to be used as construction materials. 
 
Figure 1.2: Specific properties of various reinforcing fibres and some traditional materials [5]. 
Polymers are undoubtedly the most widely used matrix material in commercial 
composites, although nowadays metals, ceramics and carbon can also be found as 
matrix material in very specific applications (e.g. high temperature applications up to 
2700°C and more).  Depending on their behaviour under temperature, polymers can 
be divided in two classes: thermosetting (e.g. epoxy, polyester, phenolic) and 
thermoplastic (e.g. nylon, polyimide (PI), polysulfone (PS), polyetheretherketone 
(PEEK)).  Upon curing, thermosets form a highly cross-linked, three-dimensional 
molecular network that does not melt at high temperatures.  Thermoplastics, 
however, are based on polymer chains that do not cross-link.  As a result, 
thermoplastics will soften and melt at high temperatures, hardening again with 
cooling.  Epoxies and polyesters have been the principal polymer matrix materials 
for several decades, but advanced thermoplastics such as PEEK are now receiving 
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considerable attention for their excellent toughness and low moisture absorption 
properties, their simple processing cycles, and their higher temperature capabilities.  
Resin systems have limited use for the manufacture of structures on their own, since 
their mechanical properties are not very high when compared to, for example, most 
metals.  However they have desirable properties, most notably their ability to be 
easily formed into complex shapes. 
In this work, epoxies were chosen as the matrix material for the fabrication of test 
specimens, whilst glass and carbon fibre reinforcements have been used.  Specific 
properties of these materials and the fabrication processes are given in the 
concerning chapters. 
1.2.1.3 Composite laminates 
Generally the reinforcing fibres are stiffer and stronger than the matrix material and 
act as the load-bearing phase of the composite.  However, fibres alone can only 
exhibit tensile properties along the fibre’s length.  It is only when the reinforcing 
fibres are combined with a resin system that exceptional properties can be obtained.  
The matrix material is used to hold the fibres in place and to transfer the applied 
load to (and to spread it between) the fibres.  The matrix also serves to protect the 
fibres from external damage and environmental attack. 
Composites are used because they have some desirable properties and characteristics 
that could not be achieved by either of the constituent materials acting alone.  
Among them high specific stiffness (this is the ratio of stiffness to weight) and 
high specific strength (the ratio of strength to weight) are important design 
characteristics for structural applications.  Typical values for these parameters are 
given on the next two figures (Figure 1.3 and Figure 1.4) for various fibre-reinforced 
composite materials and are again compared with more conventional construction 
materials. 
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Figure 1.3 : Specific tensile modulus of common and advanced structural materials [6]. 
 
Figure 1.4: Specific tensile strength of common and advanced structural materials [6]. 
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The relatively high spread in the figures is due to the fact that a wide range of 
mechanical properties for the composites is taken into account.  Lower values are 
related to simple manufacturing processes and material forms, whilst the higher 
values are associated with higher technology manufacture. 
The resulting material has very high specific mechanical properties (strength and 
stiffness) in the direction of the reinforcing fibres; but the corresponding properties 
in the transverse direction are generally not so good.  This means that a fibrous 
composite is intrinsically anisotropic.  Stacking different fibre layers at differently 
orientated angles generally provides transverse reinforcement.  This way a laminate 
is built with a fibre pattern tuned to the stress field in the component of interest.  
The need for fibre placement in different directions according to the particular 
application has led to various types of composites, as shown in Figure 1.5. 
 
Figure 1.5: Types of fibre-reinforced composites [4]. 
In the continuous fibre composite laminate [Figure 1.5 (a)] individual continuous 
fibre/matrix lamina are oriented in the required directions and bonded together to 
form a laminate.  The lamina may consist of unidirectional fibres or textile (or 
multidirectional) structures (such as a fabric, a braid, a knitting or a winding pattern).  
Although the continuous fibre laminate is used extensively, the potential for 
delamination, or separation of the lamina, is still a major problem because the 
interlaminar strength is matrix-dominated.  Woven fibre composites [Figure 1.5 (b)] 
do not always have distinct lamina and are less susceptible to delamination, but 
strength and stiffness are partly sacrificed due to the fact that the fibres are not so 
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straight as in the continuous fibre laminate.  Also 3D-knittings are used for the 
same purpose.  Chopped fibre composites [Figure 1.5 (c)] have short fibres 
randomly dispersed in the matrix.  They are used extensively in high-volume 
applications due to low manufacturing cost, but their mechanical properties are 
considerably poorer than those of continuous fibre composites.  A mat is such a 
chopped fibre composite in which all the fibres are situated in the same plane.  
Finally, hybrid composites [Figure 1.5 (d)] may consist of mixed chopped and 
continuous fibres, or mixed fibre types such as glass/graphite. 
The design flexibility offered by these and other composite configurations is 
obviously quite attractive to designers, and the potential now exists to design not 
only the structure, but also the structural material itself. 
1.2.1.4 Applications 
Composite materials clearly offer many exceptional properties (high specific 
strength and stiffness, complex shapes, …), which are difficult or impossible to 
match with traditional materials such as steel, aluminium, and wood.  Today, 
composites are used in almost every dynamic, high performance structure whether 
on land, at sea or in the air.  Composite materials allow the design and manufacture 
of lightweight components that can resist corrosion, blast, fire or impact.  Weight 
reduction often has a direct effect on performance, leading to a compelling case for 
using these materials.  Composite structural elements are now used in a variety of 
components for automotive, aerospace, marine, mechanical and civil structures in 
addition to consumer products such as skis, golf clubs, and tennis rackets.  A few 
vivid examples are shown in Figure 1.6. 
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Figure 1.6 : Overview of application domains for composite materials. 
1.2.2 Monitoring 
1.2.2.1 Description 
In general, (condition or health) monitoring of a structural element is the 
continuous observation of (some of) its properties through the use of adapted 
instrumentation (sensors).  More specific this can be the detection of possible 
damage or the measurement of mechanical, physical and chemical quantities, such as 
deformations, pressures, temperatures, corrosion, moisture, etc. 
Monitoring techniques aroused wide attention in the world of civil engineering 
structures built from concrete elements [7].  The construction of civil engineering 
structures (bridges, dams, highways, …) not only represents an enormous financial 
investment, but these structures are also prone to increasing traffic, air pollution, 
corrosive precipitation rising the costs for labour intensive inspection, maintenance 
and repairs.  At the end of the 1980’s aging and deterioration of concrete highway 
bridges was recognized as one of the major problems facing structural engineers [8].  
The development of monitoring techniques able to improve concrete evaluation 
would have enormous value to the multi-billion dollar annual construction business, 
and was therefore willingly supported. 
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The European composite industry had already a longer tradition of structural 
monitoring, mainly thanks to its involvement in the fabrication of highly complex 
structures such as aircraft and spacecraft applications [9,10].  These required 
investigation of structural quality at fixed time intervals, e.g. by means of visual and 
ultrasonic inspection techniques (see further).  Financial support for and investment 
in research activities concerning the development of monitoring techniques was 
certainly justified, when one concerns the (very) expensive high performance 
materials and fabrication techniques used and the need for an extreme high 
reliability of the finished structures over a wide range of in-service operating 
conditions.  However the adoption of these new materials in key areas is still 
relatively slow, precisely due to the fact that it has not been possible to have an in-
service indication of the health of these components.  In 1992 a specialists meeting 
of the AGARD Structures and Materials Panel with specific focus on the need for 
structural health monitoring of aircrafts [11] was held.  Feasibility of fibre-optic 
sensors for strain and damage assessment was already one of the major topics and 
optical fibre sensing was considered an emerging area of research allowing to 
integrate sensing elements into an aircraft structure with possibility of fully 
automated structural condition monitoring.  An overview of research activities on 
structural health monitoring in Europe is given in [12]. 
It may be clear that the current economic climate has also led to a transition from 
solely ‘construction costs’ to ‘lifetime costs’ as consideration in the design of new 
major constructions. 
1.2.2.2 Smart structures 
The terms ‘Smart Materials’ and ‘Smart Structures’ have become common language 
in the literature dealing with monitoring of structures [13].  It was R.M. Measures 
who first introduced a definition for the term ‘Smart Structures’ [14].  A (passive) 
smart structure was defined as one that possesses a structurally integrated optical 
micro sensor system for determining its state.  According to the given definition, a 
structure could be called smart if it is able to constantly watch over its own 
structural integrity and give a warning if damage or inappropriate mechanical 
behaviour develops.  Therefore the term ‘sensing structure’ would have been more 
appropriate; but ‘smart structures’ has now become fairly well established for this 
type of structures.  More advanced smart structures could use the sensed 
information for controlling some aspect of the structure such as its stiffness, shape, 
… through the use of integrated actuator systems.  Actuator systems that are 
currently being used in laboratory research are piezoelectric materials, shape 
memory alloys and magnetostrictive materials [15,16,17,18].  An extensive review on 
actuator materials is given in [19].  These structures were first called ‘Reactive Smart 
Structures’.  Eventually, smart structures could be developed that are capable of 
learning through the use of neural networks; these structures are called ‘Intelligent 
Structures’.  The potential for a broad class of structures is shown on Figure 1.7.  
Measures considered the most important combinations of engineering structures, 
sensing systems, actuation and control systems, and neural networks.   
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Figure 1.7: Venn diagram indicating some of the types of future structures possible by the confluence of the 
fields of structures, sensing systems, actuation and control systems, and neural networks [20]. 
From this overview the following (simple) definitions are the most commonly used 
to designate structures with some form of intelligence: 
a smart structure possesses a structurally integrated sensing system; 
a smart adaptive structure possesses a structurally integrated sensing and actuation 
system, hereby the sensing information is used by the actuation control system to change the 
structure’s state; 
an intelligent structure possesses a structurally integrated sensing and actuation system 
and learns from experience.  For the rest of this book, the definitions are further restricted in 
that the sensing system will be based on optical fibre sensor technology. 
The term structurally integrated in these definitions means that the sensors are 
either affixed to the surface or embedded within a structure in such a manner that 
they are treated as part of the structure.  As will be shown in paragraph 1.2.3, optical 
fibre sensors are some of the most promising means for sensing purposes.  It is 
obvious that the realisation of these smart or intelligent systems requires a cross 
disciplinary understanding of aspects from mechanical engineering, system control, 
sensing, actuation and signal processing. 
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The combination of an engineering structure with the possibility of sensing, learning 
and acting is a result of the intention to build systems in analogy with biological 
systems (e.g. plants, animals, human beings) [8,21,22].  This is illustrated on Figure 
1.8. 
 
Figure 1.8 : Design intention of smart structures: analogies of biological systems and structural systems [22]. 
In biological systems nerve endings are used to sense an environmental effect (e.g. 
heat, light or pressure) or the internal state of the system.  The signals are then 
conveyed via nerves to the brain where the signals are then processed and a decision 
is made on how to react.  If a reaction is necessary a signal is sent via another nerve 
and the system responds to the environmental effect or the change in internal state.  
Men made structures can be made ‘smart’ by duplicating the essential elements of 
the system that consists of embedded sensors (nerve endings), data links (nerves), a 
programmed data processor (brain), and actuators (muscles, hormones).  The 
essential components of any intelligent structure are summarized in Figure 1.9. 
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Figure 1.9: Essential parts of any intelligent structure: sensing, communication, processing and learning 
capabilities, and actuators. 
An extensive definition of an intelligent structure, based on the aforementioned 
analogy with biological systems, is given in [23]: 
An intelligent system is expected to: (a) sense its loading environment, as well as its 
own responses and any ongoing deterioration and damage; (b) reason by assessing its 
condition, health, capacity and performance needs and the actual performance that is being 
delivered; (c) communicate through proper interfaces with other components and 
systems, including human managers (d) learn from experience as well as by interfacing 
with humans for heuristic and mechanic knowledge; (e) decide and take action for 
alerting officials, diverting users, structural control, self-repair, closure etc.. 
Thus, at a minimum, intelligent structures consist of an integrated package that 
incorporates the physical structure itself, a monitoring system consisting of sensors, 
data acquisition, control and communications hardware and all associated software 
necessary to implement the above functions.  The development and implementation 
of such intelligent systems would provide cost savings and offer the potential of 
increased performance through their autonomous operation as well as their ability to 
provide the documentation and data necessary to support management and decision 
making in a rational, objective and, hence, more efficient manner. 
The first step to following nature’s paradigm, and main goal of this 
dissertation, is to build structures with the ability to monitor their status and 
health. 
1.2.2.3 Monitoring techniques 
There has been an important international research effort in the domain of non-
destructive testing (NDT), non-destructive evaluation (NDE) and non-destructive 
inspection (NDI).  Recently the focus of this research is on the extrapolation of 
these techniques towards in-service health monitoring [24,25].  The number of 
techniques used in NDT-applications for composite materials and structures is large 
[26,27,28,29,30].  A summary of the major techniques currently used for composites 
is stated in Table 1-1 below. 
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Table 1-1: An overview of techniques for non-destructive testing of fibre-reinforced composites. 
NDT-technique Main applications to fibre-reinforced composites 
Electrical-resistance strain 
gages 
Measurement of surface strains 
Radiography Volume fraction of fibre and resin 
Fibre alignment and fibre flaws 
Detection of failure mechanisms (matrix cracking, fibre 
breakage, debonding and delamination) 
Acoustic emission On-line monitoring of onset and evolution of damage 
Component and structural testing 
Process/production monitoring 
(Based on understanding, differentiating and following the 
various failure processes involved in composite 
deformation, degradation and damage.) 
Thermal methods Detection of delaminations 
Variations in fibre alignment or fibre density 
Detection of larger internal damage 
Optical methods  
 Visual inspection 
Laser scanning 
Moiré fringe methods 
 
 
Holographic interferometry 
 
Speckle methods 
Shearography 
Photoelastic coating 
Optical fibres 
Analysis of the quality of a surface, detection of cracks 
Idem 
Measurement of in-plane strain 
Analysis of surface form (shape) 
Measurement of out-of-plane deformation 
Detection of flaws, cracks, debonds (qualitative) 
Vibration analysis 
Measurement of in-plane deformation 
Idem 
Measurement of stress levels and principle stress directions 
See further in text 
Vibration methods Quality control (at production and in-service) 
Measurement of elastic properties 
Ultrasonic methods Detection of flaws, cracks, damage types (delaminations, 
…) 
Material characterization 
Electrical and magnetic testing  
 Eddy-current 
 
 
 
 
Dielectrometry 
 
Microwaves 
Quantification and location of defects and other 
inhomogeneities 
Evaluation of fibre volume fraction in unidirectional CFRP 
laminates and the lay-up order in cross-plied CFRP 
laminates 
Monitoring cure 
Moisture content 
Determination of state-of-cure and the moisture content 
Physical properties: thickness, density, fibre volume 
fraction, surface roughness or crazing and detection of 
internal flaws (delaminations, voids or inclusions) 
Measurement of strain in the material 
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For the monitoring of composite structures, distinction can be made between 
evaluating structures by the detection of damage during lifetime or by the 
measurement of strains induced by service loads.  As can be concluded from the 
table, most of the cited techniques can principally be used for the detection, 
qualification and/or the quantification of damage.  Ultrasonic inspection is 
undoubtedly the most widespread technique for damage detection.  However, for 
continuous monitoring of a composite structure, other techniques are more suitable. 
The currently best-known method for continuous condition monitoring is based on 
acoustic emission (AE).  Roughly spoken, the basic principle of acoustic emission 
consists of detecting propagating transient stress waves, generated by energy release 
associated with the occurrence of microscopic, or eventually macroscopic damage.  
As the damaged structure is further loaded, more damage nucleates and propagates, 
and more acoustic signals are detected.  Although being relatively well introduced in 
a number of domains, and although it has proved its capabilities for continuous 
monitoring in specific situations, the method yet generally suffers from some major 
disadvantages, limiting more widespread use.  The technique is still relatively 
sensitive to noise, it requires very specialised personal to interpret the recorded 
signals, no absolute information can be obtained, and it allows only the detection of 
damage occurrence.  It is not evident to make a distinction between the AE-signals 
coming from different damage mechanisms and for each type of composite material 
the AE-signals have to be thoroughly calibrated by making use of other non-
destructive testing techniques [31]. 
Other frequently used NDT and NDE techniques for monitoring cited in Table 1-1 
are based on the measurement of strains in or on the structure.  Undoubtedly the 
most widespread technique for recording deformations -on the surface of a 
structure- is the use of electrical-resistance strain gages.  They have however a 
few important drawbacks; they are very sensitive to noise caused by electromagnetic 
interference, they are sensitive to corrosion, can give rise to sparks, do form an 
electrical conductor, etc.  One of the major drawbacks, if reliable long term field 
measurements have to be considered, is the fact that they allow only relative 
measurements: recording must not be disturbed or suspended.  Time consuming 
and tedious re-calibrations are necessary.   
Optical Moiré and interferometric measurements are very powerful techniques 
to obtain even full field deformation patterns, and are currently being used as 
monitoring technique for a few real structures. 
Recently a lot of research effort has been carried out on the feasibility of using 
optical fibres as monitoring sensors, embedded into or put on the surface of 
composite materials.  This topic is dealt with in more detail in the following. 
One should bear in mind that monitoring real structures cannot satisfactorily be 
done by one single monitoring technique.  Only by the integration of several 
methods a realistic image can be obtained of the health of a structure.  
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Complimenting capabilities of these techniques offer greater detectability and the 
overlapping ones enhance the reliability.  It is then of outermost importance to 
acquire and process the large amount of data in an effective way to provide a sound 
interpretation of the test parameters in relation to the material integrity.  This entire 
process of acquisition, processing, combination and interpretation of data from 
different monitoring techniques is called data-fusion [32]. 
1.2.3 Optical fibre sensors 
Compared to most other monitoring techniques, optical fibres and optical fibre 
sensors have some major advantages [8].  They are very small in size (outer 
diameter of 125 to 250mm), are geometrically versatile and very light.  Due to 
their nature, being tiny and continuous glass fibres, they are in principle ideally 
suited to be incorporated in fibre reinforced plastic composites without serious 
negative influence on mechanical properties.  However, this indicates at the same 
time their most important current disadvantage: they are extremely brittle.  This 
makes them difficult to handle, and embedding and interconnecting require ultimate 
caution.  Optical fibres can withstand high temperatures and pressures; two 
important characteristics of several fabrication methods for composite materials.  
Furthermore they are (or can be made through proper packaging) relatively 
insensitive to corrosion and fatigue.  Glass fibres are passive dielectric devices 
and therefore they are safe in use without any danger for sparking, and do not form 
electrical conductors upon or in the structure.  This can for example be important 
for aircraft and spacecraft applications where electrical discharge hazards such as 
lightning require the elimination of conductive paths.  Their signal is highly 
immune to electromagnetic interference, so there is no need for costly and bulky 
shielding in places with high electromagnetic radiation (e.g. power plants).  Optical 
fibres have very large bandwidths, what makes them suitable for a multitude of 
applications.  They can have a sensor function and be signal carriers  (optical data 
transmission) at the same time.  By means of multiplexing it is possible to have 
several sensors on one optical fibre.  Furthermore the development of sensor 
applications will benefit from the progress in telecommunications and 
optoelectronics industry, which leads to continuously improving components 
and lower costs. 
The application of an optical fibre as a sensor can cover a very wide range of 
quantities, ranging from mechanical deformation to pressure, temperature, moisture, 
corrosion, gas concentration, intensity and spectra of light. The sensing principle 
can be based on a wide variety of techniques. Distinction can be made between 
techniques based on the measurement of changes in light intensity, in phase 
(interferometric), in polarisation, or even in colour (wavelength) of the light coupled 
into the fibre.  Optical fibre sensors can be intrinsic -when the sensing is inherent to 
the properties of the fibre-, or extrinsic, when the sensing is specific to external 
elements. Depending on the nature of the sensor, the measurement can be relative 
or absolute.  In the next chapter, a more detailed overview on the working 
principles of optical fibre sensors and practical examples will be given. 
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The possibilities of applying optical sensors to monitor structures of fibre-
reinforced plastics have already been studied relatively widely on a laboratory scale 
[10-16]. The possibility to monitor damage, such as matrix cracking and 
delaminations, has been proven in a number of articles. In [17] the principle of 
damage detection is based on the measurement of the loss of light intensity 
conducted by the embedded fibre.  Optical fibres and sensors have been shown to 
be suitable to measure vibration [18], pressure [19], strain and temperature [20], as 
well as to monitor the curing process of composite structures [21,22]. 
The practical use of such sensors however is yet in an experimental phase. One still 
has to gain more experience and insight in the basic measurement principles, the 
longer-term reliability and the practical means of putting the sensors in place.  
Further research and investigations are necessary for the development of more 
reliable and cheaper fibre sensors, light sources and measuring apparatus. Most of 
the currently known practical applications can be found in civil structures, where 
optical fibre sensors have been put into or placed onto (structural parts of) buildings 
[33], bridges and dams, often in (almost) the same way as classical strain gages [23-
27]. 
In the research presented hereafter, the ultimate (long term) goal is to monitor 
continuously the gradual degradation of a fibre reinforced composite structure, by 
monitoring strain histories.  Indeed, during the degradation process, fibre reinforced 
composites typically show a relatively gradual decrease of the overall elastic 
properties. The choice of the type of optical fibre sensor that is best adapted for 
this purpose has been based on several well-considered criteria. 
The complete sensor system should be robust, and should have an all-fibre design, 
based on intrinsic properties, which leads to little disturbance of the host material 
and gives a more stable signal.  For the same reason only one optical fibre should be 
necessary, preferably single-ended for ease of connection and installation.  The 
sensor should produce absolute measurements, such that the monitoring is 
insensitive to accidentally temporary interruptions of connections or measurements.  
The sensor should preferably measure in one point or in a small zone, and the 
signal should be directly and linearly related to the deformation.  The possibility 
of extension to sensor networks by multiplexing is desirable, such that multiple 
critical areas of a structure can be monitored and non-homogeneous deformations 
over the volume of a structure can be measured.  The sensor should also be 
sufficiently sensitive, and should provide reproducible measurements, with an 
adequate dynamic range.  At last, but certainly not at least, the sensor should be 
appropriate for mass production and be available at an economically interesting 
price. 
The optical fibre sensor that, according to the authors’ experiences, best fulfils these 
conditions as the “ideal” sensor is an optical fibre with intracore Bragg-grating, the 
so-called Bragg-sensor.  This type of sensor will be discussed in detail in Chapter 3.  
The working principle of such a Bragg-sensor is that when light with a sufficiently 
broad spectrum is coupled into an optical fibre with intracore Bragg-grating, 
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maximum reflection will occur for a narrow band around a central peak-wavelength, 
the so-called Bragg-wavelength.  The principle is illustrated on Figure 1.10. 
 
Figure 1.10: When light from a broadband light source is coupled into an optical fibre with intracore Bragg-
grating, a small spectrum centred around the Bragg-wavelength will be reflected. 
It will be shown in paragraph 3.5.1 that when strain is applied to the Bragg-sensor, as 
a result of mechanical stress or of changes in temperature, a shift of the reflected 
peak-wavelength will be observed.  The total strain seen by the sensor can thus 
easily be determined by measuring the shift of the reflected Bragg-wavelength. 
The major advantage of the Bragg-sensor is the fact that the sensed information is 
encoded directly into a wavelength, which is an absolute parameter. The output does 
not depend on the total light level; losses in the connecting fibres or optical 
couplers, or fluctuations in the power of the broadband light source have no 
influence. This is an outermost important aspect when considering long-term field 
measurements!  Furthermore the wavelength-encoded nature of the output also 
facilitates wavelength division multiplexing [34]. This allows distributing several 
sensor sections over a single optical fibre, by assigning each sensor to a different 
portion of the available spectrum of the light source. 
The key to a practical monitoring system for fibre reinforced composite structures, 
based on embedded Bragg-sensors, lies in the possibility of embedding the brittle 
optical fibres, and in the development of instrumentation capable of determining 
the relatively small shifts in Bragg-wavelength. 
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1.3 STATE OF THE ART - GOAL OF THE 
RESEARCH 
The state of the art in optical fibre sensing is given at the moment of the original 
application for research funding of the doctoral thesis, as well as the main goals that 
were put forward in the application form. 
In Europe only limited research in the domain of ‘monitoring using optical fibre 
sensing techniques’ was being performed at that time.  Research activities were 
mainly situated in Canada and the United States, with limited action in a few 
European countries such as France, United Kingdom and Germany. 
Canadian researchers mainly focus on the ‘surveillance’ of civil constructions, while 
in Europe most attention is paid on aerospace applications.  The major part of the 
European applications is focussing on a qualitative detection of damage of a 
structure or material.  Canadian researchers study mainly the quantitative 
measurement of mechanical (or other) quantities, to enable a continuous 
monitoring of the structural behaviour of structures.  An extensive research 
network (ISIS) has been established in Canada, with partners from different sectors 
(civil engineering, composites and optical electronics).  An important 
accomplishment was the instrumentation of a bridge with optical fibre sensors [35].  
In Belgium, research in this domain was very young.  At Ghent University, in the 
department of the promotor of this work, a few final year theses had been devoted 
to this topic with as major accomplishment the fabrication and implementation of 
Fabry-Pérot type sensors.  This work was performed in collaboration with WTCM, 
that performed a national research project on the topic.  At the VUB, in cooperation 
with the spin-off company Identity, an instrument for the simultaneous 
demodulation of a series of interferometric sensors using monochromatic light had 
been developped, and would be used for the instrumentation of a dam near 
Charleroi.  These sensors were however relatively large (diameter of a few 
centimeter) and therefore not suited for application in composite materials.  At the 
KUL doctoral research (funded by IWT) had been started on the use of optical 
fibres embedded in composite materials. 
A lot of research work is obviously still needed towards the exact behaviour of 
optical fibres and sensors integrated in real structures.  The concrete goals of this 
research work can be summarized as follows. 
Seen the tradition and reputation of the research group in the field of ‘Mechanics of 
Materials and Structures’ this research was aimed at the quantitative monitoring of 
deformation.  Optical fibre sensors used as embedded strain sensors could indeed 
mean powerful tools to support current and future research on the development of 
adequate material models.  Basic know-how on optical fibre sensors in general and 
Bragg-sensors specifically had to be developed.  Competence had to be acquainted 
in embedding optical fibres in, generally, thin composite structural elements that 
are often fabricated in harsh environments.  Main emphasis of this research was on 
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the experimental verification of the feasibility of strain sensing with Bragg-
sensors.  Characterisation of the dependence on (mechanical or thermal) strain had 
to be performed on bare fibre sensors.  Important parameters to be investigated 
were reliability and reproducibility – in terms of resolution and accuracy – of 
measurements with embedded sensors in simple composite laminates subjected to 
well-known deformation states.  Stability of the measurements over longer periods 
of times was a key topic for long-term real-world monitoring applications.  A 
comparison with existing measurement techniques (such as electrical-resistance 
strain gauges) and interpretation of the measurement results was specially 
important.  Application of the sensor technique towards representative composite 
structural elements and projects concerning the monitoring of real-world 
structures would need the purchase of basic optical instrumentation suited for 
on-site demodulation of the Bragg-sensors. 
As mentioned in the previous paragraph, the ultimate (long term) goal is to monitor 
continuously the gradual degradation of a fibre reinforced composite structure.  
Hereto the expected ‘measuring signal’ should be studied and modelled in 
function of changes in the stress (or deformation) state applied to the sensor.  
1.4 OUTLINE OF THE DISSERTATION 
This paragraph gives an overview of the different chapters discussed in this 
dissertation.  The contents of each chapter are briefly described. 
1.4.1 Chapter 2: Optical fibres and fibre sensors 
The first part of this chapter deals with some basic concepts about light propagation 
in optical fibres.  After a short introduction on the structure of such an optical fibre, 
light propagation through it is discussed based on a simplified approach, namely the 
ray propagation model.  Certainly for the configuration of a single-mode optical 
fibre a more precise approach of light propagation based on Maxwell’s equations is 
needed.  Some basic results from this wave propagation theory are given.  In a 
second part of this chapter the discussion is further extended towards the possibility 
to use optical fibres in sensor applications.  Classifications of fibre-optic sensors are 
given; different types of sensing principles are discussed and real applications given. 
1.4.2 Chapter 3: Optical fibre Bragg-gratings and Bragg-sensors 
This chapter deals with theoretical aspects concerning optical fibre Bragg-gratings.  
Fabrication and demodulation techniques are discussed.  More detailed attention is 
given to the application of optical fibres with intracore Bragg-grating as a sensor for 
the measurement of mechanical strain.  The chapter ends with an overview of some 
practical applications using Bragg-sensors.  In what follows a Bragg-sensor should 
be understood as an optical fibre with intracore Bragg-grating. 
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1.4.3 Chapter 4: Strain monitoring of simple composite laminates 
This chapter discusses experiments conducted with the intention to investigate the 
feasibility of Bragg-sensors as strain gauge embedded in composite laminates.  First 
the applied demodulation techniques are described, thereafter the strain and 
temperature dependence of the Bragg-sensors are experimentally validated.  A next 
part describes the fabrication process of the composite plates with embedded 
optical fibres and gives results of some preliminary experiments.  The strains 
determined by means of the Bragg-sensors are validated by means of deflection 
measurements.  Finally, dynamic measurements during impact tests are proposed 
with a technique to assess the global damage state of a composite element. 
1.4.4 Chapter 5: Bending behaviour of a composite plate subjected to 
out-of-plane loading 
The feasibility of Bragg-sensors as strain gauge has been demonstrated in the 
previous chapter by means of tensile tests on bare optical fibres with intracore 
Bragg-grating and during bending experiments on laminated composite beams.  In 
this chapter multiple Bragg-sensors are embedded in a more common structural 
element, i.e. a plate. The possibility of weight detection and localisation by means of 
this structural element is demonstrated. 
1.4.5 Chapter 6: Monitoring of filament wound pressure vessels 
This chapter deals with results obtained during monitoring experiments on 
composite pressure vessels.  These vessels have been manufactured using the 
filament winding process.  Some vessels have been retrofitted with surface-glued 
optical-fibre-sensors, whilst in other cases the Bragg-sensors have been embedded 
in the composite material during the manufacturing process.  Results will be shown 
for a variety of tests, ranging from static tests, over slowly varying tests, to dynamic 
pressure cycles and burst tests.  The obtained results have been compared with 
strain gauge readings and simulations by means of finite-element-calculations. 
1.4.6 Chapter 7: Development of a deformation gauge and a load-cell 
based on Bragg-sensors. 
In this chapter two developments for structural monitoring applications are 
discussed.  First, the design of a long-gauge-length-extensometer for the 
measurement of very small strains in dynamic conditions is proposed.  Extensive 
finite-element-simulations are discussed and experimental results are given.  
Secondly, the optimisation of a load-cell used in fatigue experiments on small 
composite specimens through the use of optical fibre Bragg-sensors is discussed. 
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1.4.7 Chapter 8: Multi-axial stress and strain sensing with Bragg-
sensors 
Starting from a general description of the influence of mechanical strain on the 
refractive index of a material, the dependence of Bragg-resonance on the form of 
the stress field applied to the optical fibre is illustrated.  It is shown that the 
presence of transverse stress components causes the Bragg-spectrum to broaden 
and possibly to split in two distinct peaks.  Theoretical formulations for the 
variation of Bragg-wavelength resulting from a random threedimensional stress 
scheme are derived.  Finally, the possibility of effectively measuring several stress 
components by using dual overlaid Bragg-gratings inscribed in polarisation 
maintaining fibres is discussed. 
1.4.8 Chapter 9: Conclusions: Accomplishments and Perspectives 
In this concluding chapter, the main accomplishments of the investigation of the 
feasibility of using optical fibres as a monitoring technique (for composite elements) 
are briefly recapitulated, together with some recommendations for further research. 
1.5 REFERENCES 
 
[1]  Courtesy of: web site of NTSB (National Transportation Safety Board) 
www.ntsb.gov; and articles from New York Times, 2002. 
[2] Vinson, JR; Chou, TW (1975): Composite Materials And Their Use In Structures. 
Applied Science Publishers,ISBN 0-85334-593-7. 
[3] Lubin, G (1985): Handbook Of Composites. Van Nostrand, ISBN 0-442-24897-0. 
[4] Gibson, RF (1994): Principles of composite material mechanics. Mc Graw Hill,ISBN 
0-07-023451-5. 
[5] Mallick, PK (1997): Composites engineering handbook. Marcel Dekker,ISBN 0-8247-
9304-8. 
[6] SP Systems Composite Engineering Materials (2001), Technical Documentation: 
Guide to Composites. 
[7] Schwesinger, P; Bolle, G; Berndt, RD (1998): Remote Monitoring for Controlled Life 
Extension of Concrete Structures. 5th Int.Workshop on Material Properties and 
Design, pp. 515-528. 
[8] Udd, E (1996): Fiber optic smart structures. Proceedings of the IEEE 84, nr.1, pp. 
60-66. 
[9] Michie, WC; Culshaw,B; Uttamchandani,D (1992): Optical fibre techniques for 
structural monitoring in composites. AGARD Conference Proceedings, . 
 
Introduction 
25 
 
[10] Foote, PD (1995): Optical Fibre Bragg Grating Sensors for Aerospace Smart 
Structures.  Proceedings, 6 pages.  
[11]  Proceedings of the AGARD Specialists Meeting on “Smart Structures for Aircraft 
and Spacecraft”, Lindau (Germany), 1992. 
[12] Foote, PD (1999): Structural Health Monitoring : Tales from Europe. Structural 
Health Monitoring 2000 - Proceedings of the 2nd Int.Workshop on Structural Health 
Monitoring,, pp. 24-35. 
[13]  Spillman, WB; Sirkis, JS; Gardiner, PT (1996): Smart materials and structures : what 
are they ? Smart Materials and Structures 5, pp. 247-254. 
[14]  Measures, RM (1989): Smart Structures with Nerves of Glass. Progress in Aerospace 
Sciences vol. 26, pp. 289-351. 
[15]  Davidson, R (1995): Smart composites - Fact or fiction ?, . 
[16]  Lammering, R; Wieseman,S; Campanile,LF; Melcher,J (2000): Design, optimization 
and realization of smart structures. Smart Materials and Structures 9, pp. 260-266. 
[17]  Aizawa, S; Kakizawa, T; Higasino, M (1998): Case studies of smart materials for civil 
structures. Smart Materials and Structures 7, pp. 617-626. 
[18]  Giurgiutiu, V; Jichi, F; Rogers, CA; Quattrone, R; Berman, JB; Kamphaus, JM (1999): 
Experimental study of magnetostrictive tagged composite strain sensing response for 
structure health monitoring. Structural Health Monitoring 2000 - Proceedings of the 
2nd Int.Workshop on Structural Health Monitoring,, pp. 690-699. 
[19]  Tani, J; Takagi, T; Qiu, J (1998): Intelligent material systems : application of 
functional materials. Applied Mechanics Review 51, nr.8, pp. 505-521. 
[20]  Measures, RM (2001): Structural Monitoring with fiber optic technology. Academic 
Press,ISBN 0-12-487430-4. 
[21]  Vincent, JFV (2000): Smart by name, smart by nature. Smart Materials and Structures 
9, pp. 255-259. 
[22]  Uttamchandani, D (1994): Fibre-optic sensors and smart structures : Developments 
and prospects. Electronics & Communication Engineering Journal 10, pp. 237-246. 
[23]  Aktan, AE; Helmicki, AJ; Hunt, VJ (1998): Issues in health monitoring for intelligent 
infrastructure. Smart Mater.Struct. 7, pp. 674-692. 
[24]  Green, RE (1998): Existing technologies for condition monitoring of construction 
materials and bridges. Fiber optic sensors for construction materials and bridges, 
Technomic Publishing, pp. 17-28. 
[25]  Bar-Cohen, Y (1999): In-Service NDE of Aerospace structures - Emerging 
technologies and challenges at the end of the 2nd millenium., . 
[26]  Khan, AU (1999): Non-destructive testing applications in commercial aircraft 
maintenance., . 
[27]  Pipes, RB (1979): Nondestructive Evaluation And Flaw Criticality For Composite 
Materials (Stp 696). Astm, ISBN 04-696000-33. 
 
Structural monitoring of composite elements using optical fibres with Bragg-sensors. 
26 
 
[28]  Mandelis, A (1996): Non-Destructive Evaluation.,ISBN 0-13-147430-8. 
[29]  Van Hemelrijck, D; Anastassopoulos, A; Philippidis, T (1999): Emerging 
Technologies in NDT, ISBN90-5809-127-9. 
[30]  Van Hemelrijck, D; Anastassopoulos, A (1996): Non Destructive Testing. Balkema, 
ISBN 90-5410-595-X. 
[31]  Wevers, M (1996): The sound of materials: Acoustic emission for the analysis of 
materials behaviour. Non Destructive Testing, Proceedings of the First Joint Belgian-
Hellenic Conference on Non Destructive Testing, pp. 117-126. 
[32]  Gros, XE (1997): NDT Data Fusion, Arnold Publishing, ISBN 0-340-67648-5. 
[33] Fuhr, P; Huston, D; Kajenski, P; Ambrose, T (1992): Performance and health 
monitoring of the Stafford Medical Building using embedded sensors. Smart 
Materials and Structures 1, pp. 63-68. 
[34]  Kersey, A. (1995): Interrogation and Multiplexing Techniques for fiber Bragg grating 
strain-sensors. Conference for quality control, inspection and non-destructive 
techniques in the Benelux , 19 pp.. 
[35]  Measures, RM; Alavie, AT; Maaskant, R; Ohn, M; Huang, S (1995): A structurally 
integrated Bragg grating laser sensing system for a carbon fiber prestressed concrete 
highway bridge. Smart Materials and Structures 4, pp. 20-30. 
 27 
CHAPTER 2   
 
OPTICAL FIBRES AND FIBRE 
SENSORS 
The first part of this chapter deals with some basic concepts about 
light propagation in optical fibres.  After a short introduction on the 
structure of such an optical fibre, light propagation through it is 
discussed based on a simplified approach, namely the ray 
propagation model.  Certainly for the configuration of a single-mode 
optical fibre a more precise approach of light propagation based on 
Maxwell’s equations is needed.  Some basic results from this wave 
propagation theory are given.  In a second part of this chapter the 
discussion is further extended towards the possibility to use optical 
fibres in sensor applications.  Classifications of fibre-optic sensors 
are given; different types of sensing principles are discussed and real 
applications given.  Finally the feasibility of embedding optical fibres 
into composite materials is discussed. 
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2.1 LIGHT PROPAGATION IN OPTICAL FIBRES 
[1,2,3,4] 
2.1.1 Optical fibres: description. 
An optical fibre is a very thin strand of silica glass with special characteristics.  It 
is a circular dielectric medium consisting of a core and a surrounding cladding.  
The core of the optical fibre serves to guide light along the length of the fibre.  The 
primary function of the cladding is to ensure that very little light is lost as it 
propagates along the fibre core.  Light can travel for tens of kilometres in some 
types of optical fibre, and this important property lies at the heart of the fibre-optic 
telecommunications industry.  Optical fibres can be further protected against 
mechanical actions and environmental conditions (e.g. water or chemicals) by means 
of one or more protective layers. Figure 2.1 shows a bundle of several optical fibres 
(a) and a schematic representation of the different parts of one optical fibre (b). 
(a) (b) 
 
Figure 2.1: A bundle of optical fibres (a) and a schematic drawing of the different parts of one such an 
optical fibre (b). 
The most important type of optical fibres is made from amorphous silica, although 
optical fibres can also be made from other glass types or polymers.  The core of the 
silica optical fibre has a higher index of refraction, which is the ratio of the light 
speed in vacuum to the speed of light in the medium concerned, due to doping of 
the core by means of e.g. GeO2 (in the order of 0,001 to 0,02 higher).  Optical fibres 
are generally divided into two kinds: single-mode (or mono-mode) and multi-
mode.  In single-mode optical fibres the light is confined to a very small core (3 to 
10 mm, depending on the wavelength for which it is optimally designed).  A 
representative single-mode optical fibre, used by the fibre optic telecommunications 
industry, is Corning SMF-28 with a core diameter of 5 mm and a cladding diameter 
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of 125 mm.  Multi-mode optical fibres have core diameters that can be as large as 
100 mm for the same outer diameter of the fibre. 
2.1.2 Ray propagation model 
A comprehensive treatment of light propagation (in optical fibres) requires an 
approach based on electromagnetic wave theory, in which Maxwell’s equations 
are solved for a dielectric medium, subject to the appropriate boundary conditions 
at the fibre walls.  In these introducing paragraphs, a more intuitive approach is 
adopted, describing light propagation by the ray theory.  Within this approximation, 
light is understood to travel out from its source along straight lines or rays (normal 
to the wave fronts).  A ray is thus simply the path along which light energy is 
transmitted from one point to another. 
The path of light travelling trough several homogeneous and transparent media will 
be described by a succession of straight-line segments.  A transparent medium is 
characterised by its index of refraction n.  The paths of light rays travelling from 
one transparent medium to another is illustrated on Figure 2.2, where it is assumed 
that n1>n2.  At the interface plane dividing the two different media, part of the light 
will be reflected and part of the light will travel through the second medium, 
according to the following laws, both demonstrated on Figure 2.2 (a): 
§ Law of reflection: a ray of light reflected at the interface dividing two 
different media remains in the plane of incidence –which includes the 
incident ray and the normal at the point of incidence- and the angle of 
reflection equals the angle of incidence. 
§ Law of refraction (Snell’s law): a ray of light refracted at the interface 
dividing two different media remains in the plane of incidence, and the sine 
of the angle of refraction (q2) is directly proportional to the sine of the 
angle of incidence (q1): 
( ) ( )1 1 2 2sin sinn nq q× = ×  (2.1) 
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Figure 2.2: Light rays are partly reflected and partly refracted when travelling from one transparent medium 
to another(a).  Once the incident angle becomes greater than a critical angle (b) light will be entirely reflected 
(c). 
Consider the situation that the angle of refraction q2 = 90° illustrated on Figure 2.2 
(b), and that the refracted light thus travels along the interface of the two media.  In 
this case, the angle of incidence is defined as the critical angle of incidence qc and is 
given by: 
2
1
arcsinc
n
n
q
æ ö
= ç ÷
è ø
 (2.2) 
When the angle of incidence becomes greater than the above-defined critical angle 
(q1 > qc), no refraction will occur and all the light is reflected at the interface.  This 
phenomenon, illustrated on Figure 2.2 (c), is called ‘total internal reflection’.  It can 
be seen from Equation (2.2) that this is only possible when n1 > n2.  This 
phenomenon is essential in the transmission of light along glass fibres by a series of 
total internal reflections. 
In the following, a multi-mode optical fibre is concerned.  The core has a refractive 
index n1 that is slightly higher than the refractive index of the cladding n2; the 
surrounding medium has a refractive index n0, assumed lower than n2.  The 
propagation of light through an optical fibre, according to the ray theory, is 
schematically illustrated on Figure 2.3.  A simplified representation is given, because 
only meridional rays (the ray path of which, through its numerous reflections, passes 
through the longitudinal axis of the fibre) are considered. 
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Figure 2.3: Light propagation through an optical fibre.  Ray a travels along the fibre axis, whilst ray b is 
confined in the fibre core by a succession of total internal reflections and ray c is lost due to refraction in the 
fibre cladding. 
A ray of light entering the optical fibre along the fibre axis (ray a) will simply pass 
through.  When a ray is incident upon the end-face of the fibre at an angle q0 (ray b) 
it will be refracted as it passes into the core.  Due to the difference in refractive 
indices of core and cladding, total internal reflection will occur at the boundary 
surface for light that is coupled into the optical fibre sufficiently parallel to the fibre 
axis.  The light ray is confined in the fibre core and travels through the optical fibre 
by a, theoretically infinite, succession of total internal reflections.  Hereby it is 
possible to transport light over high distances with small losses (see paragraph 2.1.5) 
along an optical fibre.  Ray c is also refracted into the fibre core, but is incident on 
the boundary surface between fibre core and cladding at an angle smaller than the 
above-defined critical angle qc.  Part of the light energy will be lost due to refraction 
into the fibre cladding.  After multiple reflections the ray will have lost a large part 
of its energy so that in practice these rays are lost. 
The maximum angle q0,max for which the light will undergo total internal reflection at 
the core-cladding interface is thus evidently related to the critical angle of reflection 
at this surface.  It can be determined using simple trigonometrical relations, leading 
to the following relation: 
2 2
0 0,max 1 2sin( )NA n n nqº × = -  (2.3) 
Herein NA is the so-called numerical aperture of the optical fibre.  It is a measure 
of the light acceptance capability of the fibre.  If n0=1 (air), the numerical aperture is 
simply the sine of the half-angle of the largest cone of meridional rays that are 
propagated through the fibre by a series of total internal reflections. 
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2.1.3 Optical fibre configurations. 
The three basic configurations of optical fibres are shown on Figure 2.4.  Also 
indicated are the ray paths of light propagating through the fibre. 
 
Figure 2.4: Basic configurations of optical fibres and distribution o f n 1, n2. 
The configuration considered in the previous paragraph, with a constant index 
profile in the fibre core, is called a step-index multi-mode fibre.  The rays shown 
on Figure 2.4 (a) have a different optical path length and thus exit the fibre at 
different times.  Hereby a light pulse will spread out during transmission; this is 
called dispersion.  This is a major drawback for long-distance data transmission 
along these fibres.  A short pulse broadens and could ultimately join with the pulse 
in front or behind, making recovery of a reliable bit stream impossible (analogous 
transmission is also distorted by dispersion). 
One way around the problem of dispersion in multi-mode fibre is to change the 
refractive index profile of the fibre core, see Figure 2.4 (b).  This class of optical 
fibres is called graded-index multi-mode optical fibres.  Due to the gradually 
changing refractive index light rays will propagate along curved trajectories.  Light 
travelling down the centre of the fibre experiences a higher refractive index than 
light that travels further out towards the cladding.  Thus light on the physically 
shorter paths travels more slowly than light on physically longer paths.  When the 
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index of refraction changes parabolically from the centre to the edge, the 
propagation speed of the different rays are the same with respect to the axis of the 
fibre and hence there is no multipath time dispersion.  This allows transmission for 
longer distances than do regular multi-mode step-index fibres. 
The last class of optical fibres are the single-mode fibres, shown on Figure 2.4 (c).  
The fibre core is very narrow with respect to the wavelength of the light in use, 
which is schematically represented by a single ray along the fibre axis.  However the 
ray theory is only valid when the wavelength is considered to be negligible compared 
with the dimensions of the optical system, which is definitely not the case for these 
single-mode optical fibres.  A correct approach of light propagation in these fibres 
has to make use of Maxwell’s equations, which is briefly mentioned in the following 
paragraph. 
2.1.4 Wave propagation model 
For a comprehensive treatment of Maxwell’s equations describing electromagnetic 
wave propagation, the interested reader is pointed to the specialized literature e.g. 
[5]. 
Light is just one form of electromagnetic radiation and propagates through space as 
a wave constituted of an electric and a magnetic field, which are mutually 
perpendicular.  For light propagation in a wave-guide (e.g. an optical fibre), 
Maxwell’s equations have to be solved taking into account the boundary conditions 
of the wave-guide.  The solutions of this system can only take particular values; light 
is said to have then modal behaviour.  Each mode carries energy independently of 
all the others, and is characterized by a lateral mode profile and by a propagation 
constant b, which describes the propagation speed along the fibre axis.  An optical 
fibre can be characterized by the so-called normalized frequency parameter, V, 
defined as: 
2
V r NA
p
l
= × ×  (2.4) 
in which l is the wavelength of the guided light, r is the radius of the fibre core and 
NA is the numerical aperture.  It is clear that single-mode transmission requires 
small core size and low values of numerical aperture.  As long as V < 2,405 the fibre 
can support only a single mode designated as HE11.  At V > 2,405, other modes can 
exist, with the number increasing as V increases.  Since the V-number is also 
inversely proportional to wavelength, a single-mode optical fibre becomes multi-
mode below a certain wavelength, the cut-off wavelength (typically between 1 and 
1,3 mm) of the single-mode fibre. 
Each of the modes is doubly degenerate due to polarization since, in circular wave-
guides, two orthogonal polarization states exist for the same wave number.  Thus a 
single-mode optical fibre in fact always carries two modes. 
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A propagating mode is not entirely confined by the fibre core.  The tails of the 
lateral mode profile extend towards the fibre cladding and thus energy is carried in 
the cladding as well as the core of the fibre; however the energy in the fibre cladding 
falls off exponentially.  Both the refractive index of the fibre core and cladding thus 
influence the light propagation.  Therefore the optical fibre will be represented by its 
so-called effective refractive index , which is sort of a weighed average of the 
indices of fibre core and cladding.  The relation between V-number and effective 
refractive index for a number of modes is shown on Figure 2.5. 
 
Figure 2.5: Mode formation in optical fibres with relation to  its V-number.  Also given is the effective 
refractive index of the fibre for the concerned mode. 
2.1.5 Light attenuation 
The intensity of light propagated through a fibre invariably attenuates due to 
dimensional irregularities and imperfections in the fibre material.  If the fibre is 
bent, some of the light rays may not be able to maintain the condition for total 
internal reflection, and some energy will escape from the core.  In addition, defects 
and inhomogeneities in the core index, which inevitably develop during production, 
result in some loss.  The aforementioned attenuation is denoted as scattering.  
Another form of attenuation is absorption; these losses are due mainly to the 
presence of defects in the form of impurity oxides and metallic ions.  Figure 2.6 
shows the optical loss in silica fibres due to scattering and absorption as a function 
of wavelength. 
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Figure 2.6 :  Optical loss as a function of wavelength in silica optical fibres [6]. 
Optical losses are minimal around 1300 nm and 1500 nm.  Therefore these 
wavelengths are interesting for telecommunication applications, in that light can be 
transmitted over enormous distances without significant loss.  These zones of the 
wavelength spectrum are called fibre transmission windows (or bands).  It can 
thus be well expected that the majority of optical components have been developed 
for these wavelengths.  The band around 1310 nm is attractive because there is also 
minimal fibre dispersion here and the fibre attenuation is only about 0,4 dB/km.  
The band between 1510 nm and 1600 nm has the lowest attenuation available on 
current optical fibre (about 0,15 dB/km).  However, it is more difficult (expensive) 
to make optical sources and detectors that operate here.  Also, standard fibre more 
disperses a signal in this band.   
2.2 OPTICAL FIBRE SENSORS 
2.2.1 Background 
Optical fibre sensor technology has evolved from the rapid growth in the opto-
electronics and fibre-optics telecommunication industries during the past two 
decades.  The availability of high-quality and low-cost optical components, such as 
sources and detectors, and specialized optical fibres has been a key element in the 
development of optical fibre sensors. 
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Optical fibres attract interest because they have some inherent properties that are 
ideal for sensor applications.  Table 2-1 gives an overview of advantages and 
disadvantages of optical fibres when their possible use as sensor is considered. 
 
Table 2-1: Some inherent advantages and disadvantages of optical fibres within the scope of their use as 
sensors. 
ADVANTAGES DISADVANTAGES 
 
ì very small and light 
ì geometrical versatile 
ì does (almost) not negatively affect the 
mechanical properties of the material 
in which it is embedded 
ì high sensitivity for multiple quantities 
(temperature, strain,…) 
ì possibility of measuring at multiple 
points with one optical fibre 
ì relatively insensitive to corrosion and 
fatigue 
ì withstands high temperatures and 
pressures 
ì highly immune to electromagnetic 
interference 
ì does not form an electrical conductor 
in or on the structure 
ì no danger for sparks 
ì can have a sensor function and be 
signal carrier (optical transmission) at 
the same time 
ì … 
 
î because of the high sensitivity, the 
measurement of one quantity can be 
influenced by other quantities 
î because of the brittleness one has to 
be very cautious when handling 
these optical fibres 
î complex techniques often have to 
be used for the treatment of the 
signal 
î high cost 
 
The above-mentioned properties of optical fibres allow innovative approaches for 
the design of optical sensors.  For this reason, an enormous number of fibre-optic 
sensor types have been developed over the past years.  The first statement of an 
optical fibre strain sensor dates back to 1978 when Butter and Hocker [7] developed 
an interferometric sensor measuring strains of less than 0,4 microstrain.  Optical 
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fibre sensor are made as a replacement of existing sensors where the use of optical 
fibres significantly improves performance, reliability, safety and/or cost advantages 
to the user; but sensors have also been developed for new market areas.  For the 
case of direct replacement, the inherent value of the fibre sensor, to the end-user, 
has to be sufficiently high to displace older technology that the customer is more 
familiar with. 
The construction industry and other traditional users of sensor technology remain 
relatively untouched by fibre-optic sensors, mainly because of cost considerations.  
The major efforts that take place in the development of optical fibre (sensor) 
technology will certainly have as effect that a number of the disadvantages cited 
above (Table 2-1) will disappear. 
2.2.2 Classification 
Optical fibre sensors can be categorized in several ways; classifications by structure, 
according to the modulation principle, and by spatial implementation are among the 
most used.  These classifications are diagrammatically depicted below on Figure 
2.7. 
 
Figure 2.7 : Classifications of optical fibre sensors. 
Optical fibre sensors can be grouped into two main classes referred to as extrinsic 
(or hybrid), and intrinsic (or all-fibre) sensors [8,9].  In the first case, light is lead to 
a ‘black box’ (this is the optical sensing element), which modulates the input light in 
response to an environmental effect.  The modulated (or output) optical signal is 
then guided by (another or the same) optical fibre to an optical and/or electronic 
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processor that demodulates the optical signal.  Optical fibre sensors in which the 
measurand directly modulates some physical property of the fibre are called intrinsic 
sensors.  Due to the changing properties of the optical fibre, information will be 
encoded into the guided light beam. 
Modulation can be in terms of intensity, phase, polarization or spectral content.  
The different subdivisions of optical fibre sensors according to these sensing 
principles will be dealt with in more detail in the following paragraphs. 
A third possible classification of fibre-optic sensors is based on the spatial 
implementation principle [10].  Localized fibre-optic sensors determine the 
measurand in one specific point or give an integrated value of the measurand over 
a specific segment of the optical fibre, and are similar in that sense to conventional 
strain or temperature gages.  A distributed sensor permits measurement of a 
desired parameter as a function of length along the fibre.  These sensors make full 
use of optical fibres, in that each element of the optical fibre is used for both 
measurement and data transmission purposes.  Multiplexed sensors are usually 
constructed by combining a number of individual (localized) sensors.  Theoretically, 
it is possible to use optical switching and other innovative ideas for this purpose.  
Distributed sensing techniques and multiplexing are generally used for measurement 
of perturbations over a large structure. 
2.2.3 Sensing principles: theoretical considerations and practical 
examples. 
2.2.3.1 Intensity-based sensors 
Working principle 
So-called intensiometric fibre-optic sensors (or intensity-type or amplitude-type 
sensors) are based upon variations of the radiant power of the transmitted light 
signal.  Inherent advantages of intensity-type sensors are the simplicity of 
construction (one fibre with source and detector), and compatibility with multi-
mode fibre technology. 
Crack interceptors 
In its simplest form, the intensiometric sensor type involves the presence or absence 
of light.  Therefore fracture of an optical fibre can serve as the basis of damage 
sensing systems for construction materials.  Fractures, cracks or delaminations in a 
structural area can destroy the optical fibres installed there and thus interrupt the 
light flow.  This attenuation (from 50% to 100%) can be detected remotely, so the 
system is a real-time crack-detection device.  The optical fibre can be made 
somewhat more sensitive to breakage through removal of the protecting plastic 
coating [11].  By installing a grid or network of fibres the damaged zone can be 
somewhat localized.  This has been successfully illustrated for concrete structures in 
laboratory conditions and on site (i.e. tunnel segments) [12], aluminium specimens 
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subjected to fatigue loading [11], composite laminates subjected to impact [13,14] 
and even for a full-scale aircraft composite leading edge [15].  Optical fibres 
embedded in composite materials are most sensitive to damage when embedded 
perpendicular to the reinforcing fibres [14].  In translucent materials the damage 
point can even be located just by looking for light emission from the fibre at that 
spot [16]; this phenomenon is called optical bleeding and is illustrated on Figure 
2.8.  The large red zone on the left is due to misalignment of the input optical fibre 
(with red laser light) and the embedded optical fibre.  At the two places where the 
composite plate was cracked, significant optical bleeding can be detected. 
 
Figure 2.8: Optical bleeding of a fractured optical fibre in a composite plate [16]. 
Based on this sensing principle an extension has been made towards the 
development of so-called in-situ self-sensing fibre reinforced composites [17].  
Some of the reinforcing silica fibres (9 mm in diameter) act as light guides by the 
application of an appropriate cladding material (30 to 50 mm outer diameter).  
Composite panels were impact tested to investigate the feasibility of using the self-
sensing fibres as an impact damage sensor system. 
Micro- and macro-bending losses 
A further extension of this sensing principle can be made by effectively measuring 
the variation in light power, more than just a simple detection of an ‘on or off’-
situation.  The presence of bends in an optical fibre will lead to a loss of part of the 
transmitted light.  Indeed, as a result of the curvatures, light will leak into the 
cladding of the optical fibre when the condition for total internal reflection (see 
paragraph 2.1.2) is not met.  This is illustrated on Figure 2.9 for severe bending, called 
macro-bending.  The same, but evidently to a lesser degree, holds for small 
perturbations, which is called micro-bending.  The output signal thus gives 
integrated information over its whole length. 
Structural monitoring of composite elements using optical fibres with Bragg-sensors. 
40 
 
Figure 2.9: Light-intensity perturbation in an optical fibre due to macro-bending effect [18]. 
By the design of an appropriate (extrinsic) transducer -one that causes local 
bending of an optical fibre- sensors can be made that make use of the micro-
bending principle.  An example is given on Figure 2.10 in which the optical fibre is 
hold between teeth of two steel plates.  Deformation of the structure on which this 
sensor is mounted leads to an intensity modulation of the light propagating through 
the optical fibre. 
 
Figure 2.10: Strain sensor based on the micro-bending principle [8]. 
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Micro-bending devices can provide localised information when used in conjunction 
with optical time domain reflectometry (OTDR).  In a basic optical time domain 
reflectometer, a laser diode launches very short optical pulses into the fibre under 
test.  The light that is back-reflected from the fibre to the optical domain 
reflectometer is detected by a fast photodetector.  The round trip delay time of the 
light is related to a specific location of a reflector or backscatter along the fibre.  So, 
taking into account the value of the mean refractive index, distance measurements 
can be performed.  The light coming back from the fibre is returned indeed by two 
different processes.  One is the backscattering due to microscopic density 
fluctuations, called Brillouin and Rayleigh scattering (~ l-4), and follows an 
exponential decrease against time.  The other process is the reflection of light due to 
macroscopic discontinuities along the fibre, called Fresnel reflections, in the form of 
splices, connectors, micro- or macro-bends.  With this technique, the entire length 
of the fibre is sensitive and forms a quasi-distributed sensor with the Fresnel 
reflections, and a distributed sensor with the Rayleigh backscattering.  Based on this 
principle, a distributed moisture detection sensor [19] that uses a cable design 
based on hydrogel polymers has been developed and successfully commercialised; 
its composition is shown on Figure 2.11.  These hydrogel polymers are materials that 
are able to produce a significant volumetric expansion without dissolving.  Swelling 
of the cable induces bending of the attached multi-mode optical fibres and thus 
modulates the loss characteristic of the guided light in response to relative water 
potentials in the surrounding environment.  A possible application is the detection 
of water ingress in a dam.  Interrogation of the cable using conventional OTDR 
instruments allows water ingress points to be identified and located with a spatial 
resolution of 500 mm. 
 
Figure 2.11: Schematic diagram of water detector sensor based on the principle of micro-bending [19]. 
A sensor based on Brillouin scattering has been developed for distributed strain 
measurements in concrete structures [20]; the optical fibre sensors used were 60 m 
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long.  The same technique was applied to strain measurements on steel plates, of 
the type used for ship construction, and embedded in concrete beams with optical 
fibres of 1 km in length.  The spatial resolution of the measurements (one 
measurement takes more than 5 minutes) was 2m.  Localisation of damage 
detection in composite sandwich panels has been demonstrated in [21].  A single 
fibre about 15 m long was embedded in the foam core of the sandwich panel 
element of the radome of an aircraft.  Localisation of the damaged zone after 
impacts ranging from 8 to 20 J by means of the OTDR technique agreed fairly well 
with results from more classical NDT-techniques as shearography and ultrasonic 
testing.  Detection and localisation of damage in epoxy resins and cross-plied GFRP 
laminates under tensile and flexural loading has been demonstrated in [22] with 
embedded sensors.  Localisation of the instrumentation is about 35 mm. 
An example of a sensor based on macro-bending principles is shown on Figure 2.12.  
Principle is that the output intensity I2 will vary when the crack in the concrete 
specimen opens and thus the curvature of the optical fibre changes.  This principle 
has also been used to measure the crack tip opening displacement (CTOD) of 
notched concrete specimens during three-point bending tests with the intensity-
based optical fibre sensor embedded in the neighbourhood of the notch [23]. 
 
Figure 2.12: Fibre-optic CTOD sensor for concrete [18]. 
In [24] the principle of micro-bending loss has been used to follow the cure 
process (with the through power technique) and loading (with OTDR techniques) 
of a composite pressure vessel with optical fibre lengths of 150 to 300 m.  Micro-
bends are formed when the reinforcing fibres and optical fibres cross.  When the 
composite is manufactured, curing shrinks the structure, forming more pronounced 
bends in the optical fibre and thus reducing its transmission.  A similar effect also 
occurs in the loading situation, when an external force causes compression.  An 
intensiometric sensor has also been used to detect the moment of crystallisation 
of a thermoplastic composite during the fabrication process [25].  Micro-bending 
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losses in optical fibres have been used as one of the sensing principles for damage 
detection in composite laminates in the doctoral work of M. Surgeon [26,27].  The 
stress field in a damaged layer is not the same as in an undamaged layer.  This may 
cause the optical fibre to bend in the material.  So the initiation of damage should 
correspond to a decrease in the intensity of the transmitted light as it was shown 
indeed in [26] with the optical fibres embedded orthogonal to the direction of the 
load and to the local reinforcing fibres for optimum sensitivity.  This concept is 
exploited further in [27].  Damage induces mechanical waves propagating in the 
material.  It was assumed that when such a wave hits an optical fibre, local bending 
occurs and thus some light may be lost.  Preliminary results of advanced signal 
processing showed indeed that the optical signal contains information not only on 
the strains in the composite due to remote loading up to final fracture, but also on 
the elastic energy and hence strain release whenever damage is suddenly introduced 
in the host material. 
Other techniques 
Damage induced by impact on filament wound tubes has been studied using both 
optical fibres (50 mm in diameter) as crack interceptors (visualised by optical 
bleeding) and a newly developed tapered optical fibre [28].  The tapered fibre, also 
called profile sensor, is shown on Figure 2.13.  The profile was introduced by 
drawing the fibre during the discharge of the arc of a conventional fusion splicer. 
 
Figure 2.13 :  A micrograph of a profile sensor. [28] 
The presence of the taper affects the numerical aperture and hence the light 
transmission characteristics.  When the tapered region is strained, the geometry 
alters causing a change in NA and therefore a change in the output light intensity.  
Light output from the profile sensor was shown to be linear over a significant 
region of applied stress.  Preliminary tests showed that the sensors were capable of 
detecting the damage induced stiffness change in the composite.  The hardening 
of the epoxy matrix during the cure process of a composite material has been 
monitored in [29] following a somewhat other principle.  The refractive index of the 
uncured resin increases as the cross-linking reaction takes place and this has a 
profound effect on the signal reflected from the fibre end’s interface with the curing 
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resin (Fresnel reflection at a dielectric interface).  In this way, the intensity of the 
reflected light can be correlated with the refractive index of the resin, and thus with 
the state of cure of the composite matrix. 
The intensiometric principle has also been applied for the (theoretical and 
experimental) development of low-frequency accelerometers [30].  The key 
element is an optical fibre cantilever mounted in a housing in touch with the 
vibratory element whose acceleration is to be measured.  One end of the fibre is 
embedded in the housing and the other is free.  The relative displacement of the 
free end of the beam with respect to the housing will be detected with the aid of 
other fibres and provide information about the acceleration to be measured.  A 
simpler configuration of a fibre vibration sensor, based on the same principle, has 
been used to detect impact damage in composite panels due to changes in their 
vibration behaviour [31].  A diagram of the vibration sensor, which is externally 
bonded to the composite plates, is shown on Figure 2.14.  The movement of the 
cantilevered section lags behind the rest of the sensor in response to an applied 
acceleration and the amount of light coupled between the fibres is thereby 
modulated. 
 
Figure 2.14 : Diagram of the vibration sensor [31]. 
The simple configuration of the vibration sensor is not suited to the quantitative 
measurement of acceleration due to the absence of a method of resolving the 
direction of movement.  Employing two or more stationary fibres to receive the 
light emitted from the cantilevered fibre would enable the direction of acceleration 
to be measured.  However, in this work enough reliable information was obtained in 
order to successfully classify degrees of damage in the chosen material.  Processing 
of the acquired data was done using neural networks. 
A multi-mode optical fibre can be used as a vibration sensor using principles based 
on the phenomena of modal noise [32,33].  When light from a laser is launched into 
a multi-mode optical fibre, a speckle pattern is formed at the fibre output.  This 
pattern is the result of interference and coupling of the different modes propagating 
down the fibre.  When the fibre is vibrating, the phase and intensity of each mode 
are modulated, each to a varying degree.  Hereby the light intensity in the speckle 
pattern will change, though the intensity of the overall pattern will almost not vary.  
If the output pattern is spatially filtered, the amplitude at a detector will be 
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modulated.  Experimental validation was performed on metal bars [32] and 
composite plates [33]. 
Pro & Contra 
Intensity-based optical fibre sensors tend to be robust and generally require 
relatively inexpensive sensors and associated instrumentation.  Health monitoring 
techniques based on these sensors offer a cost effective means of qualitatively 
monitoring the structural integrity of the structure when no quantitative 
information on strain or other parameters is needed.  They have however a series of 
limitations (such as limited sensitivity, measurement range, and accuracy) imposed 
by variable losses in the system that are not related to the environmental effect to 
be measured.  Potential error sources include variable losses due to connectors and 
splices, micro bending loss, macro bending loss, and mechanical creep and 
misalignment of sources and detectors.  To circumvent these problems a reference 
(or dummy) optical fibre can be used that bypasses the sensing region, but this 
complicates the physical arrangement. 
Sensor types based on OTDR-techniques are very promising for distributed sensing 
of temperature, moisture ingress or strain of large structures such as dams, bridges.  
Application to for example aircrafts (or other structures in ‘dynamic’ operation) is 
limited by the long duration of the measurements and the relatively low spatial 
resolution. 
2.2.3.2 Spectroscopic sensors 
Working principle 
Spectroscopic or spectrometric sensors are widely employed in the sensing of both 
chemical and physical analytes (gases, liquids, solids).  The sensing principle of this 
type of sensor is based on relating the changes in the light spectrum to the 
measurand of interest.  The changes in the spectrum, due to absorbance or 
luminescence, occur due to direct interaction of the input light with the probed 
matter, or due to interaction with a suited analytical dye (or indicator) in 
contact with the probed matter.  Considerable research effort has been spent on 
demonstrating various sensor concepts and measurement applications [8,10].  
Potential application areas for chemical analysis include process plants, 
environmental and pollution monitoring, laboratory-based analysis, clinical diagnosis 
and other medical applications.  Physical sensors, most notably those for measuring 
pressure, temperature, fluid level and mass flow, are widely applied both for 
monitoring and controlling industrial processes.  Structural monitoring applications 
remain mainly restricted to the special class of so-called Bragg-sensors.  Some 
representative applications of spectrometric sensors are discussed hereunder. 
Absorbance spectroscopy 
Structural monitoring of composite elements using optical fibres with Bragg-sensors. 
46 
The measurement of water concentrations in liquids is widely required in 
industrial quality and process control.  Because liquid water has strong absorption 
bands in the near-infrared region, spectroscopy is very well suited for sensing water.  
In [34] an optical fibre water-concentration sensor is proposed.  The design of the 
sensor head is shown in Figure 2.15. 
 
Figure 2.15 : Design of a water concentration sensor [34]. 
The sample liquid fills the gap between the two prisms.  The transmitted 
(fluorescent) light is influenced (due to wavelength dependent absorbance) by the 
presence of water in the liquid.  By evaluating the intensity change for various 
wavelengths an estimation of the water concentration can be made.  A minimal 
resolution of 0,05 mass% has been achieved over the water-concentration range 0-
30 mass% in ethanol-water (including commercial liquors such as rum and sake!) 
and methanol-water mixtures.  Similar examples include the real-time measurement 
of marine phytoplankton [35], the quality control of food [36]. 
Sensors have been developed that are able to monitor the cure process of 
composite materials in which they are embedded.  The technique reported in [29] 
is based on monitoring the characteristic infrared absorption bands of the resin 
system in function of cure time.  A special optical fibre with a high index core (1,70) 
and partly removed cladding has been developed.  Figure 2.16 shows the variation of 
the spectrum recorded with this spectroscopic fibre-optic sensor at different time 
steps during the curing process of an epoxy resin. 
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Figure 2.16 : Varying spectrum during the curing process of an epoxy resin at 50 °C measured with a 
spectroscopic fibre-optic sensor.[29] 
Some examples of developed sensors for application in structural monitoring have 
also been shown.  In [37] a sensor for the monitoring of moisture ingress in 
concrete is described.  Plastic optical fibre is used, connected with an extrinsic 
transducer consisting of a steel box filled with a polymer material (which absorbs 
water from the concrete) and a well-chosen dye material of which the optical 
characteristics change due to the presence of water.  An analogous sensor has been 
developed [38,39] that is able to detect chloride (basis of de-icing salts) penetration 
in bridge decks.  Light enters a casing incorporating a chloride-sensitive reagent; 
when the chloride concentration is sufficient, it causes a change in the optical 
transmission characteristics.  Water or chloride penetration through cracks into 
concrete structures results in corrosion (invisible to the outside of the structure) of 
the steel bars, leading to a steady degradation of the structure. 
Strain measurement is demonstrated in [40].  Silica fibre-optic cores have been 
coated with a so-called optically active polymer.  It is possible to dynamically modify 
the optical properties of these materials through changes in applied strain or 
temperature.  It has been shown in some preliminary tests that the shift in the 
visible absorption peak is function of the applied strain. 
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Luminescence spectroscopy 
Spectroscopic sensors have also found application in temperature measurement of 
high-temperature applications and non-contact measurements, where ordinary 
thermocouples cannot be used.  Thermal radiation from an emissive material, in 
the form of infrared spectra, is carried by a suited optical fibre (e.g. sapphire for 
high-temperature applications); the intensity distribution is related to the sample’s 
temperature (this technique is also called pyrometry, infrared thermography or 
infrared radiometry).  A schematic diagram of this basic principle is shown in Figure 
2.17 [41]. 
 
Figure 2.17: A schematic diagram showing the principle of pyrometry using radiation from the hot optical 
fibre tip. [41] 
Applications include the measurement of the temperature of combustion gases [41] 
(up to 1850 °C with a stated accuracy of 2 °C), measurement of gas temperature in 
flames [42] (up to 1600 °C with a standard deviation in the measurement results 
around 3-10 °C), temperature measurements for monitoring of rotating or moving 
objects during machining procedures such as drilling and lathing [43] (with an 
accuracy of 0,2 °C in the temperature range 20-70 °C). 
A technique that uses laser-excited fluorescence in rare earth doped optical fibres to 
determine the location of structural damage is demonstrated in [44].  It has been 
shown experimentally that the position of a fracture in a sensing erbium doped 
fibre, as a result of a crack in the host material in which the sensor is embedded, can 
be evaluated by measuring the backward fluorescence power from this doped fibre.  
This sensor can locate the position of fracture with a spatial accuracy of 3 mm 
within a gauge length of 0,43 m. 
Bragg-sensors 
A special class of spectroscopic fibre-optic sensors are based on the so-called 
intracore Bragg-gratings.  A short description of this type of optical fibre sensors 
has been given in the first chapter.  Although the measurement principle is based on 
changes in the output spectrum of the optical fibre, this sensor is sometimes 
classified as an interferometric type sensor because of the way the output signal 
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arises [8].  These sensors are intended for use as a localized fibre-optic strain 
sensor.  However, a number of researchers have developed innovative methods for 
development of multiplexed Bragg-grating sensors.  The optical instrumentation for 
Bragg-type sensors is highly intricate, as it requires sensitive spectrometers for 
detecting the minute changes in the wavelength of light.  However, it is highly 
sensitive, and very reliable for measurement of strains.  These Bragg-sensors will be 
discussed in detail in the following chapter. 
Pro & Contra 
Spectrometric sensors are very successful in monitoring of chemical and physical 
processes, and have even become more widely used than their conventional 
electronic counterparts.  From the discussion above, it is clear that the applications 
of spectrometric sensors towards structural health monitoring are almost non-
existing.  Spectrometric measurements often require expensive instrumentation for 
the detection of minute changes in the signal spectra.  Pro’s and contra’s specific to 
Bragg-sensors will be discussed in the following chapter. 
2.2.3.3 Interferometric sensors 
Working principle 
Interferometry naturally measures differences in optical path length.  The 
simplest interferometers divide the light from a coherent source into two beams that 
follow separate paths before they are recombined.  The ‘sensing path’ is lead 
through the region of interest and undergoes the influence of the parameter that has 
to be measured (strain, pressure, vibration), whilst the ‘reference path’ is protected 
in the sense that it is not perturbed by that parameter.  Due to the difference in path 
length (or phase) of the two combined light beams, interference of light will occur.  
By counting the number of fringes in the interferogram one can measure the 
parameter of interest.  Integrated measurements are possible because the 
perturbing parameter can act on the entire length of the sensing arm.  It is clear that 
interferometric or phase sensors have to be based on single-mode optical fibres, 
because phase (and polarization) information is immediately lost upon entering a 
multi-mode optical fibre.  The interference pattern generated at the output end of 
the phase sensors is sinusoidal in shape (see Figure 2.18) and is directly related to the 
intensity of the applied perturbation.  The period of this waveform constitutes a 
fringe and, if properly calibrated, it relates the optical signal to the magnitude of the 
measurand (this can be strain).  Demodulation of the signal is done by counting the 
fringes in the output signal.  Each fringe or cycle corresponds to a change in optical 
path length between sensing fibre and reference fibre equal to half the wavelength 
of the input light.  Therefore interferometric sensors can be made with high 
sensitivity to external perturbations.  For small external perturbations even higher 
sensitivity can be gained by using another demodulation technique.  At the middle 
of the quasi-linear intensity output region, denoted as Q-point on Figure 2.18, the 
change in output intensity with relation to the applied perturbation is at its 
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maximum.  Therefore the sensitivity of the sensor is greatest at this point, and for 
small external perturbations it is desired that the operation of the sensor is limited to 
that linear region.  Interpolation of the signal in this region leads to extreme 
sensitivity. 
 
Figure 2.18 : Theoretical output signal of an interferometric sensor with respect to the applied perturbation 
(in this case displacement) [45].  Analysis of this signal is done by fringe counting techniques.  More detailed 
analysis can be performed in the linear region of the sinusoidal curve. 
In the processing of the data produced by the single-mode optical fibre 
interferometer, the main difficulty is that of differential drift in arms of the fibre 
interferometer caused by random fluctuations in the environment.  Any random 
change in length in one arm of the interferometer produces a change in the 
amplitude of the detected signal.  This phenomenon, for example caused by the 
birefringence effects in a segment of fibre is called polarization state induced signal 
fading, which influences the interference signal intensity and in the worst case can 
lead to total disappearance of the signal [46,47]. 
A number of different configurations of interferometric sensors can be employed.  
An overview of common arrangements is given on Figure 2.19 and is further 
discussed in the following. 
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Figure 2.19: Overview of different types of interferometric sensors [18]. 
Mach-Zehnder configuration 
In a Mach-Zehnder configuration, see Figure 2.19a, the input light beam is split into 
two equal beams; one is lead through the sensing arm of the interferometer and one 
is used as reference beam.  The light beam in the sensing arm becomes modulated 
by the measurand of interest and is afterwards recombined with the reference beam.  
The resulting interference is lead to a suited detection unit.  Butter and Hocker were 
the first to demonstrate the feasibility of such a Mach-Zehnder interferometric 
Structural monitoring of composite elements using optical fibres with Bragg-sensors. 
52 
sensor for strain sensing [7].  They further extended their work to temperature and 
pressure sensing [48].  An extensive theoretical treatment of the response of 
embedded Mach-Zehnder fibre-optic sensors with the surrounding host material 
subjected to uniform lateral pressure, axial tension and bending is dealt with in 
[49,50].  Strain measurement with a Mach-Zehnder type sensor glued on the surface 
of a composite laminate has been reported in [51], however without mention of 
sensitivity or resolution. 
Michelson configuration 
An alternative arrangement shown in Figure 2.19b is the Michelson interferometer.  
Here each path includes a reflector that returns the waves to the original beam 
splitter; thus the measurand acts on the sensing light twice before recombination.  
One recombined wave is available for detection of the resulting interference while 
the second wave is returned to the source.  This last feature can be undesirable, 
since reflections tend to disturb laser operation.  However, due to the single-ended 
character of this configuration, it has found more widespread application in 
structural monitoring applications. 
A Michelson interferometer has been used for static strain measurement on the 
surface of a cantilever beam with the reference arm placed loose in a hollow glass 
tube [52].  Preliminary experiments showed good agreement with conventional 
electrical resistance strain gauge readings.  Quasi-static strain measurements on 
the outside of a small concrete cylinder with interferometric sensors of the 
Michelson type are reported in [53].  The circumferential deformation (this is the 
integrated strain) of the cylinder was determined under axial compression.  A strain 
measurement precision of approximately 2,5 me  (with 638 mm of sensing fibre 
under axial stress) is reported.  A strain measurement inside concrete specimens is 
reported in [54].  A two-dimensional strain sensor consisting of two multiplexed 
fibre-optic strain sensors was developed measuring the strain along the main 
horizontal and vertical axis of a cubic specimen.  A resolution of approximately 5 me  
has been reached in the range of 0 to 6000 me  (gauge length of 100 mm).  
Interferometric sensors of the type Michelson have also been demonstrated for the 
monitoring of crack-tip opening displacements in concrete beams [55] and for the 
measurement of concrete shrinkage and stiffness of an entire concrete slab (20 m 
x 5 m x 0,5 m) [56]. 
The IMAC laboratory (EPFL) has developed and commercialised a long-term 
monitoring system based on low-coherence interferometry, which has already been 
applied in several bridges, dams and other civil engineering structures 
[57,58,59,60,61].  The functional principle of the so-called SOFO system is 
schematised in Figure 2.20. 
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Figure 2.20 : Schematic overview of SOFO system. [57] 
The sensor is a Michelson type interferometric sensor of which the measurement 
fibre is in mechanical contact with the host structure itself, while the reference fibre 
is placed loose in a neighbouring pipe.  To make possible an absolute measurement 
of the path imbalance due to deformations, a second Michelson interferometer with 
a scanning mirror is used as demodulation scheme.  Because of the reduced 
coherence of the source used, interference fringes are detectable only when the 
reading interferometer compensates the optical path length difference of the 
Michelson interferometer in the structure.  The precision and stability obtained by 
this set-up have been quantified in laboratory and field tests to a few micron 
(typically 2 to 5), independently from the sensor length over more than one year.  
The reading unit is portable, waterproof and battery powered, making it ideal for 
dusty and humid environments as the ones found in most building sites.  
Measurement bases between 0,2 and 40 m can be established. 
Measurement of the vibration modes of a flexible beam (made of aluminium) is 
reported in [62].  The possibility of measuring acoustic waves is demonstrated in 
[46].  A wide band (up to 50 kHz), omni directional, fibre-optic hydrophone was 
made by encapsulating the sensing fibre (with a total length of 12 m!) in 
polyurethane, forming a cylindrical type sensor head 3,2 cm in diameter and 8 cm in 
height. 
A few applications towards structural monitoring of composite structures have 
been reported in literature.  In [63,64] the interferometric sensor has been surface-
adhered to carbon fibre reinforced plastic plates.  These plates where screwed to the 
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main wing spar of a Cessna C207A and two series of flight tests have been 
performed.  During flight manoeuvres, quasi-static strain variations of up to 500 
me  were measured along with superimposed engine- and aerodynamically induced 
vibrations with strain amplitudes of 5 me  at (sub-) harmonics of the engine speed 
(40Hz).  They were compared with read-out of a conventional resistive strain gauge.  
The estimated standard deviation is around 1 me  for a gauge length of 50 mm.  
However, reasonable sensitivity was limited to strain amplitudes of 400 to 600 me .  
Above this limit the relation between strain and output of the fibre-optic sensor 
becomes highly non-linear; also the difference between the data collected by the 
fibre-optic sensor, and the data collected by electrical resistance strain gauge and 
accelerometers is obvious.  Simultaneous measurement of internal strain and 
failure instants (matrix cracking) of a composite beam by means of one 
embedded Michelson interferometer is demonstrated in [65].  The internal strain 
during four-point bending tests was calculated by digital processing of the recorded 
signal.  A typical result is shown in Figure 2.21 together with the recorded output 
signal from the Michelson interferometer.  After high-pass filtering (20 Hz cut-off 
frequency) of this initial signal the failure instants became visible.  The points of 
failure were confirmed by measurements with a piezo-electric transducer. 
 
Figure 2.21 :Digital processing results (a) of fibre-optic signal (b) from a Michelson interferometric sensor 
embedded in a composite laminate. [65] 
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Fabry-Pérot configuration 
The Mach-Zehnder and Michelson types of interferometric sensors can produce 
very sensitive measurements, but have as limitation that they require the interference 
of light from two identical single-mode fibres, one of which is used as a reference 
arm and the other is the actual sensor.  An alternative to a two-arm interferometric 
sensor is a single-fibre Fabry-Pérot type sensor.  In a Fabry-Pérot type sensor, the 
fibre is manipulated in such a way so as to form two parallel reflectors (mirrors), 
perpendicular to the axis of the fibre, as is shown in Figure 2.19c.  The interference 
of the reflected signals, which are formed at the end of the input fibre and in the 
cavity by the two partial mirrors, creates the output interference pattern.  A Fabry-
Pérot sensor is consequently only capable of providing localized measurements at 
the cavity formed by the two mirrors.  A discussion of four demodulation 
techniques is held in [66], complemented with experimental results. 
Fabry-Pérot type fibre-optic sensors with reflectors inside continuous lengths of the 
optical fibre are called intrinsic (or internal) Fabry-Pérot sensors.  The reflectors are 
made of permanent dielectric or metal thin films [67,68,69].  These intrinsic 
sensors are fabricated by joining a fibre coated with a thin dielectric layer (usually 
TiO2) to an uncoated fibre by means of a fusion splicing technique (standard 
technique used in telecommunications for joining two optical fibres).  An extensive 
discussion on this fabrication process is given in [68].  When two such internal 
mirrors are separated by a certain distance, a Fabry-Pérot cavity is produced.  
Advantage of this type of sensor certainly is the intrinsic character, but the internal 
mirrors in some cases (greatly) reduce the strength of the optical fibre, making it 
more difficult to withstand the thermal and mechanical stresses experienced during 
the process of embedding them in a variety of materials.  However, applying a 
homogeneous coating to the end face of a fibre, and the fusion splicing process 
remain difficult and costly tasks.  Recently, Bragg-gratings, which will be discussed 
in the following chapter, have also successfully been used as internal mirrors [70,71].  
Problem is that the Bragg-gratings themselves may be sensitive to environmental 
conditions and influence the output signal. 
A more conventional type, due to easier fabrication, of Fabry-Pérot sensors is based 
on an extrinsic concept.  Figure 2.22 shows the building of such an extrinsic Fabry-
Pérot type fibre-optic sensor that is widely commercially available. 
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Figure 2.22 : Building of an extrinsic Fabry -Pérot type fibre-optic sensor [72]. 
The Fabry-Pérot cavity is formed between an input single-mode fibre and a 
reflecting single-mode or multi-mode fibre.  The input fibre and the reflecting fibre 
are aligned by using a hollow-core silica fibre (or glass capillary).  For uncoated fibre 
ends, a 4% Fresnel reflection results at both ends of the cavity.  The first reflection 
R1, called the reference reflection, is independent of the applied perturbation.  The 
second reflection R2, termed the sensing reflection, is dependent on the length of 
the cavity, which in turn is modulated by the applied perturbation.  The light beam 
will be further partly reflected after reflection R2 during its round-trip through the 
cavity when an interface air-optical fibre is reached.  However, the intensity of these 
multiple reflections will decrease very rapidly due to the low Fresnel reflection at an 
air-fibre interface.  It can be shown that the output interference pattern is only 
influenced by R1 and R2 [72] and therefore this configuration is sometimes also 
called dual-beam interferometer.  Changes in the separation distance between the 
surfaces of the fibres aligned in the support tube produce modulation of the output 
signal.  This modulation is sinusoidal, and decreasing in amplitude as the cavity 
length increases due to increasing losses of light power.  The reflectivity at the fibre 
end faces can be increased through the application of appropriate reflective coatings 
(e.g. metallic films such as aluminium or gold).  When the reflectivity from the 
interfaces is increased, the output transfer function is modified to the Airy function.  
The Fabry-Pérot sensor is no longer a simplified dual-beam interferometer and 
reflections subsequent to the ones considered in the prior discussion have to be 
included in the analysis [73].  These sensors are called high-finesse Fabry-Pérot 
sensors and have an increased minimum detectable strain compared to the dual-
beam interferometer. 
Thanks to the single-fibre concept of this sensor it has found wide practical 
application for structural monitoring.  The parameters measured include 
temperature, strain and vibration. 
Extrinsic Fabry-Pérot sensors have been glued to steel reinforcement rods and 
embedded into a concrete specimen [74].  The specimen was cyclically loaded for 
more than 100.000 cycles and the sensors still provided quantitative strain 
Optical fibres and fibre sensors. 
57 
information.  A strain rosette based on intrinsic Fabry-Pérot sensors has been 
demonstrated to be a viable alternative to classical resistive-foil rosettes [75].  The 
fibre-optic strain rosette was adhered to an aluminium flexible beam using exactly 
the same technique as for its resistive-foil counterpart.  An extrinsic Fabry-Pérot 
interferometric sensor has been developed using sapphire optical fibre [76] for 
application in high temperature environments.   It allows the measurement of 
temperatures with a resolution of 3,5 °C over a range from 150 to 650 °C and the 
measurement of strains with 10 me  resolution over a range from 0 to 1150 me .  
Strain measurements and crack opening displacements on a ceramic specimen 
have been demonstrated over a –200 to 900 °C temperature range [77].  A very 
short (40 mm) intrinsic Fabry-Pérot sensor has been demonstrated to be capable of 
responding to oscillating air temperatures of approximately 5 °C amplitude (up to 
800 °C) at a frequency of 3,1 kHz in a vortex wake [78,79].  Temperature and 
pressure sensors have been developed for measurement inside jet engine turbine 
simulators [80].  Temperatures have been measured to within 0,1 °C and pressures 
to 0,05 bar.  The pressure sensor consists of an extrinsic air cavity formed between 
the Fresnel reflection from the cleaved end of the single-mode addressing fibre and 
a reflective metal diaphragm, as shown in Figure 2.23.  The measuring mechanism is 
the distortion of the diaphragm caused by a differential pressure across it, which 
changes the path length of the air cavity. 
 
Figure 2.23: Pressure sensor based on the configuration of an extrinsic Fabry -Pérot interferometric sensor.  
The cavity is formed between the cleaved end of a single-mode optical fibre and a metal diaphragm that is 
distorted by applied pressure. [80] 
An analogous design has been used to measure pressure waves due to an explosive 
air blast [81].  A rise time of about 3 ms in response to a 100 kPa shock and a 
resolution of 1 kPa were demonstrated. 
One of the first full-scale demonstrations was the instrumentation of the propeller 
blade of an icebreaker with no less than 54 (!) Fabry-Pérot sensors [82,83].  The 
Fabry-Pérot sensors showed, after 40.000 km of navigation, to be reliable strain 
gauges even in harsh environments. 
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Quite a few applications towards structural monitoring of composite materials 
have been reported in literature.  Typical dimensions of the Fabry-Pérot sensors in 
the greatest part of the following examples are 10 mm in length and 250 mm in 
diameter, having a resolution of approximately 0,5 to 1,0 me  over a measurement 
range of 4000 me .  Measured phenomena include the detection of buckling and 
crack growth during compressive tests on (unidirectional) delaminated composite 
laminates [84], the detection of internal damage through recording of the 
distortion of externally induced acoustic waves [85], both with embedded and 
surface-attached sensors.  Analysis and measurement of impact-induced strains 
has been performed [86] during low-velocity drop-weight tests, but only with 
surface-mounted extrinsic sensors.  Impact detection and location, with an 
accuracy better than 5 mm on a plate of approximately 1 m², has been performed 
using a set of four embedded sensors that measure the acoustic waves induced by 
the impacts [45].  Extrinsic Fabry-Pérot sensors have been successfully embedded in 
pultruded composite rods (uniaxially reinforced, with a diameter of 9,5 mm) [87].  
Quasi-static loading tests, up to 3500 me , have been performed (in the temperature 
range from –40 °C to +60 °C) and the results from the fibre-optic sensor agree very 
well (less than 10% difference) with corresponding extensometer measurements and 
theoretical readings.  The evolution of process-induced strains during curing (in 
autoclave) of unidirectional and cross-ply composite laminates has been measured 
using embedded extrinsic Fabry-Pérot sensors [88,89].  Similar experiments have 
been conducted in [90] to qualify the feasibility of different techniques.  The fibre-
optic sensors did not survive the fabrication process; it was noted that the sensor 
failed at the intersection of the hollow core and single-mode optical fibre.  That the 
outer diameter of an extrinsic Fabry-Pérot sensor is highly important for embedded 
applications follows from [91].  Strain measurements during curing were highly 
different for two sensors with outer diameters of 180 and 350 mm, respectively.  
This is probably due to a difference in the local disturbance of the host material, and 
inherently strain distribution, by the presence of the sensors.  Extrinsic Fabry-Pérot 
sensors (embedded and surface-mounted) have been used for acoustic emission 
detection during damage subjected to a large composite structural element [92].  
Trial experiments proved the feasibility but a suited demodulation set-up still has to 
be addressed.  An extensive overview of the multi-functionality of an extrinsic 
Fabry-Pérot sensor is given in [93]. 
Generally spoken, the failure strain of an embedded extrinsic Fabry-Pérot sensor is 
lower (less than 1% in [84]) than the failure strain of intrinsic sensors, due to 
influences during the curing process of the composite laminates.  However the most 
important damage, except for fibre failure, occurs below the failure strain of this 
sensor. 
The extrinsic Fabry-Pérot interferometric sensor is (together with the further 
discussed Bragg-sensors) one of the most popular fibre-optic sensors used for 
applications in health monitoring of materials and structures.  It has even been 
stated by Sirkis that it is the best fibre-optic sensor for embedded applications [94].  
The main reason for his decision was that the extrinsic Fabry-Pérot sensor is only 
Optical fibres and fibre sensors. 
59 
sensitive to axial strain, and is not affected by radial or transverse strain loading in 
opposition with intrinsic sensors.  However, some limitations have prevented a 
complete integration into materials and structures for the purpose of smart sensing 
[95].  The change in output intensity is non-linear with respect to the magnitude of 
the parameter being measured.  Moreover, the conventional extrinsic Fabry-Pérot 
sensor is differential in that it requires a reference measurement from which 
relative measurements of changes in length of the air gap are extracted.  This sensor 
does not provide directional information if a change in direction of the local 
strain (or any other perturbation) occurs at the maxima or minima of the sinusoidal 
transfer function curve.  Additionally, complex and expensive fringe counting 
techniques must be employed for post-processing of the acquired data.   
A demodulation technique, called white light interferometry, has been developed 
that allows absolute measurements to be taken with interferometric sensors.  
Instead of using a single-mode laser diode for illumination of the interferometric 
sensor, a low-coherence broadband light source is used and the output signal of the 
interferometric sensor is analysed using a (second) interrogating interferometer.  For 
a theoretical treatise of this technique, the reader is pointed to an extensive review 
article by Rao and Jackson [96].  This demodulation technique has been used for 
interrogation of Fabry-Pérot sensors [97,98], and was also used to interrogate two 
multiplexed intrinsic Fabry-Pérot sensors, with resolutions of 0,01 °C and 0,07 me .  
A different multiplexing scheme in which two Fabry-Pérot sensors are 
independently illuminated via light sources operating at different wavelengths is 
proposed in [99].  The two output signals are combined and detected by one 
spectrometer.  The proposed scheme has been used for strain measurements inside 
a composite specimen during fabrication and tensile testing; an accuracy of 60 me  
has been achieved along with a maximum strain range of 3%.  In [100] six Fabry-
Pérot sensors, attached to a steel specimen, have been successfully multiplexed and 
a strain resolution at each sensor of less than 1,7 me  has been achieved. 
Pro & Contra 
In general, interferometric sensor designs tend to offer higher sensitivity but require 
expensive and sophisticated instrumentation.  Practical use of the Mach-Zehnder 
configuration as a fibre-optic sensor is somewhat limited by the fact that it is not 
single-ended, but that both an input and an output fibre are needed; and also due to 
the fact that fibre-optic directional couplers and splitters are needed.  These 
requirements present major impediments to both miniaturization and embedding. 
2.2.3.4 Polarimetric sensors 
Working principle 
The polarimetric concept is based on the birefringence properties of specific 
optical fibres.  The principle of this sensor utilizes the differential delay between the 
two orthogonal polarized modes propagating in the optical fibre to detect the 
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applied external perturbation of interest (e.g. strain, temperature, pressure etc.).  The 
main part of polarimetric sensors in fact forms a special class of phase sensors.  
Fringe shifts due to external perturbations in polarization maintaining (PM) single-
mode fibres (also called high-birefringent or HiBi-fibres) are caused by the 
interference of two mutually perpendicular polarized waves.  The working principle 
of a polarimetric sensor is shown in Figure 2.24 [101]. 
 
Figure 2.24 : Operation principles of a  polarimetric sensor.[101] 
Starting from a smallband light source, insensitive optical fibre leads are obtained by 
launching light in one of the eigenmodes of the fibre.  The high birefringence allows 
to conserve an input linear state of polarization over a long length of the fibre.  The 
sensing region of the optical fibre is obtained when both eigenmodes are excited 
(due to a rotation in the eigenaxes of the optical fibre e.g. by a controlled splice if 
two different fibres are used).  As a consequence of the birefringence, a differential 
propagation speed of both eigenmodes is appearing, yielding a phase delay that can 
be measured.  The end of the sensing region is defined by a 45° coupling point at 
which the two eigenmodes are combined again to a linear polarization state.  A 
possible multiplexing technique, by using a broadband light source, for polarimetric 
sensors is proposed in [101]. 
Applications 
Applications have been reported for hydrostatic pressure measurement in the 
range from 105 to 106 Pa with a resolution of 104 Pa and for acceleration 
measurement in the range -5 to 5 m.s-2 with a resolution of 0,1 m.s-2 [101].  
Dynamic pressure measurements in the range 10-2 to 10³ are discussed in [102].  
[103] reports on preliminary experiments (with transverse pressure loading) on 
polarimetric sensors that are embedded in aluminium wires during the casting 
process.  The aluminium acts as a thick coating (with thickness reported between 0,5 
and 1,5 mm) that improves the mechanical strength of glass optical fibres and allows 
fibres to be embedded successfully in concrete without additional attention or attach 
them to metallic structures.  Vibration monitoring has been demonstrated on 
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aluminium specimens [104].  An external magnetic field will rotate a polarised light 
beam propagating through an optical fibre; this effect is called optical Faraday 
rotation.  It has been implemented for the development of an electrical current 
sensor [105], with a resolution of 10 mA for currents up to 14.800 A. 
Optical fibre sensors of the polarimetric type have been embedded in woven glass 
reinforced plastic laminates [106], which were subjected to three-point bending 
tests.  Preliminary experiments showed that the sensor was capable of giving 
(qualitative) strain information.  However the waviness of the reinforcing fabrics 
induces local microbending and stress concentrations, which also influence the 
output signal of the polarimetric sensor.  Polarimetric sensors have also been 
embedded into composite laminates with incorporated defects [107] to show the 
possibility of defect detection.  The output characteristics of the highly birefringent 
fibre are changed due to the elastic properties of the host structure; the presence of 
defects manifests as a change in the flexural stiffness of the material.  This change is 
detected using the fibre polarimetric sensor embedded in the composite material.  
The output light beam is split into two beams with orthogonal polarizations, which 
are separately detected by photodetectors.  The variation in the measured intensities 
depends on the deformation state of the host material, and is shown to be 
dependent on the amount of defects (in the form of delaminations) in the material. 
Pro & Contra 
The advantage of using a PM-fibre for polarimetric transduction is that, unlike 
their interferometric counterparts, only one fibre is needed for sensing the 
measurand.  Therefore, from the viewpoint of practical application, polarimetric 
sensors offer similar simplicities as those offered by intensity sensors.  Polarimetric 
sensors are more sensitive than the intensity type.  The sensitivity of polarimetric 
sensors is dependent on the polarization characteristics of the fibre, such as 
birefringence, and the beat length.  Theoretically, polarimetric fibre sensors can be 
made as sensitive as the interferometric types.  However, the birefringence of the 
currently available PM-fibres is not sufficient for optimum sensitivity.  The 
possibility of multiplexing several polarimetric sensors, and related problems of 
cross talk, is discussed in [108,109]. 
2.3 FEASIBILITY OF EMBEDDED OPTICAL FIBRES 
WITHIN COMPOSITE STRUCTURES 
A number of requirements have to be fulfilled when considering optical fibre 
sensors to be used with construction materials [110].  General requirements 
include long-term stability, adequate sensitivity and measurement bandwidth, the 
possibility of performing absolute measurements, and preferably a linear relation 
between the fibre-optic output and the perturbation to be measured is preferred.  
Some geometrical limitations arise when embedding a fibre-optic sensor is 
desired; it should be small in size compared to the structural dimensions of the 
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structure, have low weight and be geometrically versatile to adapt to the shape of 
complex shaped structural elements.  It should also be able to withstand the 
fabrication process of the structure in which it is embedded (e.g. high temperature 
and pressures for composite materials).  From an economical point of view, the 
sensor should be of minimal cost, as well as the optical instrumentation needed for 
illumination or interrogation of the optical signals.  Technical requirements for in-
site applications include the need for a packaging that is suitable for construction 
sites, immunity to electromagnetic interference, environmental ruggedness, 
immunity to corrosion (e.g. by chemical attack or due to humidity), reliable and 
repeatable embedding and attachment procedures, and durability over the intended 
lifetime of the structure. 
Some of the above mentioned considerations, specific for applications in composite 
structures, are discussed in the following paragraphs. 
2.3.1 Influence of embedded optical fibre on mechanical properties 
2.3.1.1 Mechanical strength of silica optical fibres 
To be useful, optical fibre sensors must survive the mechanical stresses and 
chemical environments common to their in-service use.  Silica optical fibres must 
possess sufficient strength to survive the mechanical environments of, for example, 
tension, macrobending and microbending which are common to optical fibre 
installation and in-service use.  The mechanical strength of brittle materials is 
extensively discussed in [111,112]; here some summarizing remarks are given.  The 
short-term strength is governed by the presence of surface flaws and inclusions.  
Since the size and distribution of the flaws and inclusions are purely random, the 
strength of silica optical fibres is inherently statistical and depends strongly on the 
handling history and manufacturing processes of the fibre.  The mean tensile 
strength of silica optical fibres is 4,13 GPa,corresponding to a strain of over 5% 
[111]; these values are more than sufficient for the intended application of fibre 
optic sensing.  The observed (short-term) strength of optical fibres also can be 
affected by the thickness of the protective polymer coating.  Thick coatings typically 
provide greater handling protection against extrinsic flaw formation than do thin 
coatings.  Bare or uncoated fibres are prone to extrinsic flaw formation by surface 
abrasion and long-term effects.  The chemical environment directly affects the long-
term mechanical reliability of optical fibres.  A hostile chemical environment can 
increase the rate of growth of sub-critical size flaws into critical size flaws.  Fatigue 
damage of optical fibres can be minimised using appropriate protective coatings. 
If the fibres are carefully handled and protected from environmental water or 
chemical moistures, they should surely withstand the cure process of the composite 
host material. 
2.3.1.2 Disturbance of host material 
This consideration is of major importance when considering embedded optical fibre 
sensors.  Ideally, the presence of an embedded optical fibre sensor should not 
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disturb the host material and thus have no effect on the mechanical behaviour of 
the monitored structure.  The presence of one or more optical fibre sensors inside a 
large concrete structure will naturally have negligible influence on its structural 
behaviour.  But one intuitively feels that the inclusion of a foreign object in a thin 
composite laminate will lead to some extent of material disturbance. 
In Table 2-2 the diameters of some common fibres used as reinforcement in 
composites [113] are compared with the diameter of an optical fibre. 
 
Table 2-2: Comparison of the diameters of an optical fibre and of commonly used reinforcing fibres. 
 
 
The diameter of an optical fibre without coating is thus approximately ten times 
greater than this of the reinforcing fibres of a composite material.  Certainly this will 
disturb the host material.  Due to the mismatch in diameter of the fibre-optic sensor 
and the reinforcing fibres, the distribution of the reinforcing fibres will be 
disturbed in the near proximity of the optical fibre.  On the next two figures 
microscopic photographs are shown of composite laminates with embedded optical 
fibres. 
Type of fibre Diameter (mm) 
Optical fibre: 
non-coated 
coated 
 
125 – 140  
250 
Glass fibre 10 (5 – 20) 
Carbon fibre 6 (5 – 10) 
Kevlar 12 
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Figure 2.25: Optical fibre (with coating) embedded in a composite laminate [0º/±15º/90º]s in between the 
15° layers and parallel to the laminate edge.  Due to the close to equal orientations, the optical fibre is partly 
pushed in these layers during the fabrication process, with only a small resin eye as result. 
 
Figure 2.26: Optical fibre (with coating) embedded in a composite laminate [0º/±45º/90º]s  in between the 
45° layers and parallel to the laminate edge.  Due to larger deviation in the relative  orientations, the optical 
fibre cannot be pushed in these layers during the fabrication process, with a large resin eye as result. 
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It can be seen that a lenticular resin-rich area surrounds the embedded optical fibres.  
This resin-rich area (also called resin pocket or resin eye) vanishes (almost) 
completely when the orientation of the optical fibre is close to the orientations of 
the native reinforcing fibres of the host material (Figure 2.25).  As could be expected, 
there is a great disturbance of the host material for laminates in which the fibre is 
embedded in between layers of which the orientations of the reinforcing fibres are 
largely deviant from the orientation of the optical fibre (Figure 2.26).  Around the 
optical fibre not only a resin rich region can be seen, but also some waviness of the 
reinforcing fibres.  The shape and size of the resin pocket will be dependent on the 
diameter of the optical fibre and on lamination parameters, such as curing pressure, 
stacking sequence, thickness of the layers etc..  [114] gives a first order 
approximation for the calculation of the geometry of the resin pocket, depending on 
the following parameters: (i) the geometry and properties of reinforcing fibres of the 
composite host, (ii) properties of the matrix material in the composite host, (iii) the 
orientation of composite plies with respect to the embedded optical fibre, (iv) the 
thickness of different plies, and (v) the diameter of the optical fibre. 
It should be emphasized that local disturbances to the composite structure caused 
by embedding sensors will in themselves cause perturbations in the strain field 
within the material.  This will cause localized strain indication errors and deviations 
from the overall stress and strain distributions.  The perturbation of the surrounding 
field in the host due to the presence of the sensor (which acts as a heterogeneous 
inclusion) is often termed the ‘obtrusivity’ of the sensor.  Excessive obtrusivity will 
not only perturb the values of the field variables being measured, but may also affect 
the integrity of the host and/or sensor and/or the interface between them.  The 
geometry of the resin pocket influences the obtrusivity of the sensor since it governs 
the stress transfer mechanism between the host composite and the fibre-optic 
sensor.  Also, when the structure is subject to heavy static loadings, to dynamic 
loadings or to fatigue, this resin pocket could be the initiator of delaminations 
because it acts as a ‘crack-like’ interlaminar discontinuity.  This is the major reason 
why in aerospace applications the optical fibre sensors are very oftenly not put in 
the stacking of the layers, but on the outside of the laminate underneath the 
finishing coating [115].   For the stated reasons, the presence of an optical fibre 
should be taken into account during design and the fibre should be positioned in 
between layers of which the reinforcing fibres are (approximately) parallel to the 
optical fibre itself.  This is validated by an experimental investigation conducted by 
Measures [116] showing that there is an optimal orientation of the optical fibre 
within the composite structure for a particular sensor application.  For strain and 
temperature sensing, optical fibres should be mounted between two collinear plies 
and aligned with the reinforcing fibres of the composite material.  Conversely, for 
damage sensing with the optimum sensitivity, they should be embedded as close to 
the surface as possible and be sandwiched orthogonally between a pair of collinear 
plies. 
Structural monitoring of composite elements using optical fibres with Bragg-sensors. 
66 
2.3.1.3 Effect on mechanical properties under static loading 
Several researchers investigated the influence of embedded optical fibres on the 
mechanical properties (modulus, strength, fatigue life, etc.) of the composite 
material.  These properties are of interest due to their use as basic design data for 
most applications.  [117] reports on compressive tests on graphite/epoxy 
composite specimens with the optical fibre embedded perpendicular to the load 
direction.  The specimens consisted of 30 plies with 40% 0° plies, 20% 90° plies, 
and 40% ±45° plies, a lay-up commonly used in aerospace structures to withstand 
the various flight loading conditions.  Different parameters such as the diameter of 
the optical fibre (125 and 240 mm outer diameter), the orientation relative to the 
surrounding reinforcing fibres (parallel and perpendicular), the location relative to 
the midplane and the number of optical fibres have been investigated.  In all cases 
where the optical fibres were oriented parallel to reinforcing fibres of the host 
composite material, no effective change in compressive strength or modulus was 
observed.  When the optical fibres were placed perpendicular to the reinforcing 
fibres, test results showed that compressive strength was reduced by up to 27 % for 
the larger optical fibres.  There was no effect on the modulus.  The greatest 
reduction of 27 % was observed for composite specimens with two larger and 
asymmetrically placed optical fibres.  This can be explained by the waviness of the 
reinforcing fibres around the optical fibres.  This produced a flaw on only one side 
of the specimen which could not sustain as high a stress level as the unflawed 
opposite edge.  Failure of the outer plies produced a bending moment on the 
remaining intact plies.  Due to stress redistribution to the intact zone, the specimens 
broke at lower loads than the specimens with symmetrical location of optical fibres.  
The smaller 125 mm diameter optical fibre produced only minimal perturbation of 
the geometry of the reinforcing fibres and, as a result, it did not show any effect on 
the compressive strength of the composite specimens, even with up to 3 optical 
fibres in one laminate. The failure mechanisms were briefly examined by means of 
microscopic images.  In all specimens where the optical fibres were embedded 
parallel to the reinforcing fibres, the optical fibre and the immediate area 
surrounding it were not damaged.  In all specimens with asymmetrically placed 
optical fibres perpendicular to the reinforcing fibres, the resin-rich area around the 
optical fibre failed initially in the direction parallel to loading.  This occurred in the 
form of matrix cracks as can be seen on Figure 2.27. 
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Figure 2.27 : Matrix cracks occur in the resin eye. [117] 
At the sensor region, the coating of the optical fibre should preferably be stripped to 
minimize the dimensions of the fibre.  Embedded sensors should clearly have an all-
fibre design based on intrinsic properties.  Extrinsic sensors, which need some kind 
of external system to change an optical property of the fibre in relation to an 
environmental parameter, will generally lead to high dimensions and high material 
disturbance. 
When monitoring the structure in different points (see further) it is preferred that 
this is done by just one optical fibre that has different sensor regions and carries all 
the signals.  The optical fibre should preferably be single-ended, not only for ease of 
connection and installation, but also to avoid problems of ingress and egress (see 
further). 
[118] reports on tests, according to ASTM-standards, performed on composite 
material consisting of high modulus carbon fibre in an esterocyanate resin.  Fibres 
with polyimide coating were embedded into the specimens.  Several mechanical tests 
(interlaminar shear tests, flexural tests, traction tests, …) have been performed.  The 
specimens have also been subjected to thermal cycling.  The mean values of the 
mechanical properties of specimens with fibres embedded perpendicular to the 
reinforcing fibres degraded significantly.  Again no significant strength variations 
were observed for the case of optical fibres parallel to the reinforcement. 
Jensen et al. investigated the mechanical performance of graphite/bismaleimide 
laminates with embedded optical fibres [119,120] in a lay-up following [03/902/0]s.  
The optical fibres had an acrylate coating with outer diameter of 250mm.  Optical 
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fibres (in the centre of the laminate) were found to only modestly reduce the tensile 
properties of composite laminates when embedded parallel or perpendicular to the 
applied uniaxial loading and/or adjacent reinforcing fibre directions [119].  The 
largest reductions in strength (still less than 10 %) and stiffness (only 1 %) again 
occurred in composite laminates with multiple optical fibres embedded 
perpendicular to the loading direction and the adjacent graphite fibres.  For the 
other cases, the effect of embedded optical fibre orientation on the laminate tensile 
mechanical properties was small enough to be comparable to the scatter due to the 
inhomogeneity and brittle nature of composites.  However, embedded optical fibres 
were found to be capable of severely degrading the compressive performance of 
composite laminates, depending on their orientation [120].  Compressive strength 
and stiffness reductions ranged up to 70 % and 20 %, respectively!  Similar to the 
results for tensile properties, optical fibres embedded perpendicular to the loading 
direction and to the adjacent graphite fibres induced the largest reductions in the 
mechanical properties of the composite laminates.  Compressive strength reductions 
ranged from 1 % to 15 % and from 34 % to 70 % for configurations with optical 
fibres embedded parallel or perpendicular to the loading direction, respectively.  
Reason of this great influence is sought in the resin rich regions around the 
embedded optical fibres which act as crack-like discontinuities that are more 
dangerous in compressive tests than in tensile loading.  Compressive stiffness 
reductions ranged from 13 % to 20 % and from 12 % to 20 % for configurations 
with optical fibres embedded parallel and perpendicular to the loading direction, 
respectively.  There is obviously no influence of fibre orientation, notwithstanding 
the fact that the induced degradation greatly differed for both cases. 
2.3.1.4 Effect on mechanical properties under dynamic loading 
(fatigue, impact) 
Seemingly benign impact events such as tool drops, runway kicks, and bird strikes 
(all typical for aerospace applications) can cause invisible internal impact damage.  
This impact induced damage, such as matrix cracking, delamination, and fibre 
breakage, significantly reduces the structural integrity of composite materials and 
necessitates the development of techniques capable of assessing structural integrity 
while in service.  The same holds for fatigue damage. 
Research on the influence of one embedded optical fibre sensor on the fatigue 
behaviour of a carbon/epoxy composite laminate has been reported in [121].  It was 
shown that no significant differences were observed in the fatigue performance for 
samples with and without optical fibres cycled under tension/tension (R=0,11) and 
tension/compression (R=-1) loading.  The optical fibre had been embedded in 
between two 0° layers, thus minimising the resin-rich region around it.  Typical 
results, in the form of S/N curves, are shown in Figure 2.28.  [122] indicates that 
                                                 
1 R is the stress ratio defined as R=smin/smax. 
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even after 1.000.000 cycles of tension/compression fatigue testing, acrylate-coated 
optical fibre sensors embedded in composite specimens did not degrade in 
performance. 
 
Figure 2.28 : S/N curves for composites tested at R=0,1 and R=-1.  The arrows indicate run-outs, i.e. the 
sample did not fail up to a million cycles. 
[17] also postulates that the effect of diameter mismatch between reinforcing fibres 
and embedded optical fibres will not be apparent when the composite is subjected 
to tensile mechanical testing, but can be detrimental when the material is subjected 
to long-term dynamic compressive and/or tension/compression loading.  This can 
be confirmed by similar findings from a study towards the micromechanisms in 
tension-compression fatigue of composite laminates [123], where it was found that 
microcracks (especially between media of dissimilar elastic moduli) would open 
under global compression loading. 
Results of an extensive study towards the evolution of the damage progress in 
composite laminates due to the presence of optical fibres have been described in 
[124].  Optical fibres were embedded in one of the interfaces of laminates with a lay-
up [0/45/-45/90]s; their orientation was along the 0° direction.  Direction of the 
optical fibres was orthogonal to the loading direction during tension/tension fatigue 
tests.  Damage, in the form of matrix cracking and delaminations, grew more rapidly 
in the case of an optical fibre embedded between the layers –45° and 90°.  Stiffness 
degradation during the fatigue tests was inherently much higher than for ‘normal’ 
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laminates.  The other configurations followed the general behaviour of laminates 
without embedded optical fibres.  This was attributed to the presence of a resin rich 
region, and thus great disturbance of the microstructure, caused by the embedding 
process.  The resin rich area was much more pronounced in the case of an optical 
fibre embedded between the –45° and 90° layers. 
The development of low velocity impact (2 and 3,5 J) induced delamination in 
composite laminates with a single optical fibre embedded at the laminate mid-plane 
has been extensively studied in [125,126].  Six different types of optical fibres 
ranging in diameter from 80 mm to 600 mm have been embedded in graphite/epoxy 
laminates with lay-ups according to [902/04]s, [906]s, [+453/-453]s.  Except for the 
largest diameter, the presence of embedded optical fibres in the mid-plane of these 
laminates did not influence the size or distribution of the delamination damage.  
Research towards damage under low velocity impact (3 and 5 J) and the relation 
with embedded optical fibres has also been undertaken in [127].  Optical fibres with 
an acrylate coating (of outer diameter 250 mm) have been embedded in glass/epoxy 
composites of 1 mm thickness and with a lay-up given by [04/OF/904]s in which OF 
indicates the position of the optical fibre.  The presence of optical fibres, whether 
embedded in the 0, 45 or 90° direction, did not significantly alter the shape of the 
accumulated damage.  Nevertheless, the presence of optical fibres influenced, to a 
certain extent, the impact damage size of the laminates depending on the number of 
optical fibres used and the embedded angle.  The largest influence occurred for 
optical fibre sensors embedded along 45°. 
The results of [125,126] and [127] seem contradictory.  But both cases are different 
in that the position of the embedded optical fibres with respect to the mid-plane is 
different.  Indeed an independent study [128] on impact behaviour focussing on the 
position of the optical fibres indicates that a sensor position in the middle of the 
plate is preferred.  It was found that embedment of sensors in rear plies of the plate 
causes earlier damage initiation.  The analysis also showed that debonding is the 
most critical failure mode for the sensor function.  This is not surprising as the 
failure strain of an optical fibre, which is about 5 %, is significantly larger than that 
of carbon fibres and an order of magnitude larger than the transverse strain to 
failure of the composite. 
2.3.1.5 Effect on strain readings 
The presence of an optical fibre causes the strains in the fibre (i.e. the strain reading) 
to be different from the undisturbed strain (when no optical fibre has been 
embedded).  A simplified model using a coated optical fibre embedded in a 
geometrically infinite transversely isotropic host material indicates a difference in 
‘perturbed’ and ‘unperturbed’ strain of approximately 10 % [129] under axial loading 
along the fibre axis. 
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2.3.2 Absolute measurements / Self-referencing 
The sensor should produce absolute measurements, such that the monitoring is 
insensitive to accidental temporary interruptions of connections or measurements.   
Self-referencing refers to the fact that measurements can be made relative to the 
original time the sensor was taken in use (or put in place), in that the absolute value 
of the measurements is still correct, even after electronic instrumentation has turned 
off.  This is of major importance when long-term monitoring of structures is 
concerned. 
2.3.3 Sensing network (multiplexing) 
When thinking of monitoring large structures, it is obvious that measuring a 
quantity, such as strain or temperature, in one point is not enough.  In fact, these 
structures undergo non-uniform deformations and are subjected to non-uniform 
temperature fields.  This is certainly true for composite structures.  Due to the 
anisotropic behaviour of these materials the deformation of a structure is highly 
non-homogeneous.  This will even be enhanced when the structure is in use due to 
global and local degradation of the material.  Therefore the possibility of extension 
to sensor networks by multiplexing is desirable, such that multiple critical areas of a 
structure can be monitored and non-homogeneous deformations over the volume 
of a structure can be measured. 
2.3.4 Economical aspects 
Off course, the cost of a system is one of the most important conditions for this 
system to become a commercial success.  For an optical fibre sensor this means that 
the sensor should be easily fabricated and be suited for mass-production.  This is 
certainly true for Bragg-sensors through the use of phase masks for fabrication of 
the grating. 
But not only the sensor itself should be cheap, also the components needed for the 
proper working of the sensor should have a sufficiently low investment cost.  The 
apparatus needed for performing the optical measurements is usually built of 
components such as light sources and detectors, couplers, patch cords, connectors, 
etc..  It is expected that thanks to the boom in telecommunications, the prices of 
optical components will decrease in the coming years [130]. 
Multiplexing enables many grating sensors to be interrogated using common 
optoelectronic instrumentation.  By sharing the processing optics and electronics, 
multiplexing reduces the cost per sensor, reduces the overall weight, and enhances 
the robustness of the system. 
2.3.5 Change of optic properties of an embedded optical fibre due to 
curing process of the host composite material  
Optical fibres can generally be used at temperatures ranging up to 80ºC and at 
ordinary pressure.  But, during the curing process of composites fabricated in 
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autoclave or press, pressures will be applied up to 0,3 - 0,5 MPa and temperatures 
up to 100 – 200 ºC will be reached.  It is important to know how much the optical 
properties of optical fibres are changed by these pressures and temperatures.  Dakai 
et al. [131] have done some research work on this topic.  The effect of a cure 
process on the optical properties of an optical fibre is limited.  The reason why in 
some cases optical properties changed is due to the mutation of the fibre-optic 
coating’s performance under the high pressure and temperature.  The environment 
softens and then reshapes the coating layer, which will generate internal stress in 
coating and fibre core.  The result hereof can only be seen in an additional loss in 
optical power. 
2.3.6 Which coatings should be used 
Two types of coatings are widely used for optical fibres, namely polyimide and 
ultraviolet-cured epoxy acrylate coating.  [132] has done some mechanical tests for 
both types of coated optical fibres.  However, the thickness of the coatings is not 
mentioned in the article.  The authors report a maximum tensile strain of 1,5 % for 
polyimide coated fibres and 1,8 % for acrylate coated fibres, which both are more 
than satisfactory for structural applications involving steel, concrete or composite 
materials.  The strain/stress curve is also excellently linear for both types of fibres.  
Thermal tests for temperatures varying from –40 °C to +250 °C showed an almost 
identical behaviour for both types of fibres.  There is however one important 
difference between both types of fibres.  The loss in optical power, when bending 
tensile tests are performed is much more pronounced for polyimide-coated fibres 
than for acrylate-coated fibres.  This difference is due to the difference in stiffness 
of polyimide and acrylate.  The hard polyimide coating results in large stresses in the 
fibre, the more flexible acrylate coating creates a better stress re-distribution.  Softer 
acrylate coatings are therefore preferred for embedment of the optical fibres in 
composites during fabrication.  Results of such bending tensile tests are shown on 
Figure 2.29. 
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Figure 2.29: Power loss in bending tensile test for (a) polyimide coated fibre and (b) UV-cured epoxy 
acrylate coated fibre both compared with non-coated (plane) optical fibre.  The figures on the left denote the 
power loss for optical fibres under tension and having a bending radius of 10 mm.  The figures on the right 
show the same results for tensioned optical fibres with a bending radius of 5mm. [132] 
The loss in optical power is for both types compared with plane optical fibres; on 
the left figures the results of bending with a radius of 10 mm are shown, while on 
the right figures the bending radius was 5 mm.  Great bending loss means that strain 
measurements will become difficult at higher bending radii.  [129] states that acrylic 
jacketed fibres were unstable at autoclave processing conditions of up to 185 °C and 
7 bar pressure.  Such problems did not occur with polyimide-jacketed fibres 
(approximately 10 micron thick!). 
Good adhesion between optical fibre and matrix is necessary to provide a good 
strain transfer from the composite material to the embedded fibre.  Therefore, prior 
to embedding, all fibres should be wiped with e.g. alcohol or acetone to ensure a 
clean surface promoting matrix wetting and adhesion.  [129] states that in tensile 
microfragmentation tests, the adhesion of the matrix resin to the polyimide jacket 
was superior to the adhesion of the jacket to the fibre.  [118] has done some pull out 
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tests on polyimide coated optical fibres embedded in an esterocyanate resin.  None 
of the tests showed sliding of the fibre. 
2.3.7 Termination and connection of the embedded optical fibres 
The ingress or egress of optical fibre sensors is an important issue for their 
application in real composite structures.  Ingress and egress points constitute a very 
abrupt transition from the very stiff composite laminate to the much more flexible 
optical fibre.  The optical fibre is very fragile at this point and barely touching it can 
lead to breakage.  Extra protection, for example in the form of plastic sleeves, 
however leads also to more disturbance of the host material.  Furthermore, the 
integration of fibre-optic sensor systems requires precision contact with the optical 
circuitry of the monitoring instrumentation to enable meaningful measurements.  
The optical fibre communications industry has developed various precision 
connectors to assure proper light transmission from one component to the other, 
involving robust plug and socket hardware.  However, the aggressive environment 
of the composites manufacturing industry could be problematic for this precision 
hardware, which is, in any case, too bulky for direct embedment in mostly thin 
composite parts. 
The requirements for any practical system of embedment and interconnection may 
be summarized as follows [133].  The system should possess a high environmental 
ruggedness in that it has to be able to withstand the aggressive temperature and 
pressure environment of composites part manufacture while guaranteeing low 
optical loss in the fibre itself and in the connectors.  In many cases, the fabricated 
composite plates have to undergo some modifications by part trim to fit on 
assembly.  The presence of optical fibres or interconnection systems may not 
withstand this.  Alternatively, where a net-moulded composite part is involved, the 
connection system may be an integral feature of a moulded edge.  Off course 
minimum perturbation of the host material is required, so that minimal impact on 
the overall mechanical performance of a part can be guaranteed.  Sufficient 
ruggedness is also required to withstand the often harsh operating environment of 
a real structure (e.g. in an aircraft during flight).  The connection system should be 
sufficiently simple and robust to enable ease of connection and disconnection 
during fabrication or in service (e.g. in an aircraft assembly line or a typical 
maintenance facility).  Compatibility with standard connector systems from 
telecommunications industry is preferred, to enable standard interfacing with 
continuously developing instrumentation technology. 
For laboratory purposes, generally unprotected optical fibres are embedded into 
composite laminates.  It is obvious that the entry and the exit point of these fibres at 
the laminate edge will be problematic [129].  For applications in which prepreg is 
cured using vacuum bagging and autoclave techniques high temperatures (up to 
180°C) and pressures (up to 7 bar) can be necessary.  During the initial heating 
phase of the curing cycle, the viscosity of the resin drops significantly prior to the 
start of gelation.  This means that substantial resin flow will occur over the optical 
fibres extending from the laminate.  As a result, demoulding and handling of the 
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laminate after cure, without breaking the optical fibres, is almost impossible.  
Moreover the fibre does not have to break to fail; the presence of permanent sharp 
bends in the optical fibre can cause sufficient optical loss to render it useless as a 
wave-guide.  A possible solution is to embed the optical fibre coated with a 
protecting thermoplastic sleeve penetrating in the composite only in the 
neighbourhood of the entry or exit point.  The sleeve protects the fibre against 
excessive resin flow and local stress concentrations during the cure process, and 
provides a strain relief interface at the entry and exit points to reduce fragility 
during handling in subsequent laboratory testing.  It should be remarked that the 
low-viscosity resin can easily flow into the gap between the sleeve and the fibre 
reducing the effects of the sleeve.  The presence of the optical fibres also causes 
difficulties in machining the composite laminate for the designed dimension.  
Therefore the proposed methods enable manufacture of laboratory test specimens, 
but could be impractical for some realistic in-service applications. 
Another concept could be the embedding of (components of) standard optical 
fibre connectors into composite laminates.  In [133] a precision ceramic ferrule 
has been embedded into composite laminates.  These ferrules are the critical 
components of standard optical fibre connectors in which the optical fibres are 
bonded.  They have an outer diameter of 2,5 mm and the ferrule end is polished 
together with the fibre to provide the required smooth contact surface for low-loss 
and low-reflection optical signal transmission.  Figure 2.30 shows a practical example 
of a composite laminate with a ceramic ferrule embedded. 
 
Figure 2.30 : FC-PC connector attachment to laminate edge with embedded ceramic ferrule. [133] 
Two additional metallic studs were embedded to enable mechanical attachment to a 
standard straight-through optical plug adaptor.  This enabled direct attachment of a 
standard optical fibre cable with an FC/PC-type connector.  The connection is 
reasonably robust, but requires a purpose-designed local laminate build-up to 
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accommodate the embedded ferrule and attachment hardware.  Furthermore, a 
precision-drilled tooling block was necessary to prevent resin flow contamination of 
the polished ferrule end.  Obviously, laminate trim in this area is impossible.  
Additionally, structurally loaded parts must often be mechanically attached to 
adjacent structure in such a manner that edge embedded optical connection 
hardware could cause a substantial disturbance.  Therefore solutions have been 
sought in surface mounted connectors as an out-of-plane ingress/egress 
method.  Small apertures or slits have to be cut in the plies of the composite 
laminate to allow guidance of the optical fibre from the inner of the laminate to the 
surface.  Examples are given in [129,133,134,135] and two are shown respectively on 
Figure 2.31 and Figure 2.32. 
 
Figure 2.31: Embedded optical fibres and surface mounted connector assembly. [133] 
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Figure 2.32 : Connection using optical connection part fixture: (a) horizontal connection and (b) vertical 
connection. [134] 
Figure 2.31 shows a surface mounted fibre optic backplane connector used for 
optical interconnecting in electronic equipment with incorporated interfaces for 
standard SC terminated optical cable assemblies.  It has to be remarked that during 
the autoclave process only the optical fibres, terminated with a ceramic ferrule, 
extending from the laminate were present.  The assembly body, in which the termini 
are to be inserted, was attached to the composite part after curing.  Special attention 
has been paid to provide local strain relief and to prevent resin flow into protecting 
sleeves.  Figure 2.32 shows the out-of-plane egress of an optical fibre cable with a 
standard optical connector type FC/APC.  The length of the protecting cable 
embedded in the laminate must of course be minimized because it can degrade the 
properties of the host composite material.  At the ingress/egress point a fibre 
protector made of aluminium (two parts assembled by bolt) is placed since the 
optical cable is structurally very weak both during the curing process and in-service.  
It is bonded to the laminate by an adhesive film and excess resin in the curing 
process.   
It is clear that, in both cases, for use in an autoclave manufacturing process, 
additional mechanical protection is needed to prevent physical damage of and 
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resin ingress into the terminations during the cure process, and to avoid the 
terminations embedding themselves into the laminate surface.  The proposed 
techniques are not directly applicable for practical applications, due to the labour-
intensive fabrication procedure. 
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CHAPTER 3  
 
OPTICAL FIBRES WITH BRAGG-
SENSORS 
This chapter deals with theoretical aspects concerning optical fibre 
Bragg-gratings.  Fabrication and demodulation techniques are 
discussed.  More detailed attention is given to the application of 
optical fibres with intracore Bragg-grating as a sensor for the 
measurement of mechanical strain.  The chapter ends with an 
overview of some practical applications using Bragg-sensors.  In 
what follows a Bragg-sensor should be understood as an optical fibre 
with intracore Bragg-grating. 
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3.1 DEFINITION AND WORKING PRINCIPLE 
The history of optical fibre Bragg-gratings dates back to 1978 when Hill and co-
workers first observed photosensitivity – this is sensitivity of the refractive index to 
UV radiation – of a germania-doped optical fibre [1,2].  The major breakthrough 
however came only in 1989, when Meltz and colleagues demonstrated a feasible way 
of permanently change the refractive index of the core of a single-mode optical fibre 
[3].  By an appropriate sideways illumination with UV light a spatial interference 
fringe pattern can be formed in the fibre core.  As a result a periodic perturbation of 
the refractive index along the fibre length is established.  This permanent periodic 
modulation of the refractive index of the fibre core is defined as a Bragg-grating.  A 
typical length of these gratings is in the order of a few mm or tens of mm. 
This periodic grating structure can be represented as a succession of planes with 
different refractive indices.  In its most general form a uniform fibre Bragg-grating 
has grating planes with constant period of which the interfaces are perpendicular to 
the longitudinal axis of the optical fibre, as is schematically shown in 
Figure 3.1.  At each grating plane partial reflection of a forward propagating light 
beam will occur due to the difference in refractive index.  If the Bragg-condition is 
not satisfied, the reflected light from each of the subsequent grating planes becomes 
progressively out of phase and will eventually cancel out (destructive interference).  
Where the Bragg-condition is satisfied, the contributions of reflected light from each 
grating plane will add constructively in the backward direction to form a back-
reflected peak with a centre wavelength defined by the grating parameters.  The 
Bragg-grating resonance, which is the centre wavelength of back-reflection from a 
Bragg-grating, is called the Bragg-wavelength lB. 
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Figure 3.1: Schematic representation of a Bragg-grating in an optical fibre, with the planes of the modulated 
index of refraction.  Also shown is the typical spectral response from such a grating with the in-coupled light 
spectrum and corresponding transmitted and reflected light spectra. 
Bragg-gratings thus act as wavelength selective mirrors.  When light from a 
sufficiently broadband light source (such as an ELED) is coupled into an optical 
fibre with intracore Bragg-grating, a narrow part of the light spectrum is back-
reflected.  This spectrum is centred around the Bragg-wavelength lB, which is given 
by: 
2B effnl = L  (3.1) 
where neff is the effective refractive index of the fibre core and L is the pitch of the 
Bragg-grating. 
3.2 THEORETICAL CONSIDERATIONS ON BRAGG-
GRATINGS IN OPTICAL FIBRES 
Light propagation in (unperturbed) optical fibres is governed by Maxwell’s 
equations, taking into account the proper boundary conditions.  A Bragg-grating in 
an optical fibre is a periodic perturbation of the refractive index at that position.  
Maxwell’s equations still can be used assuming small perturbations and taking these 
into account as extra sources.  An extensive theoretical analysis of the reflection 
spectrum of an intracore Bragg-grating makes use of the so-called coupled-mode 
theory [4]; other theories used are discussed in more detail in [5,6].  In this text only 
the most important conclusions are given.  The two coupled modes are the forward 
propagating mode and a backward propagating mode originating from power 
exchange with the forward propagating mode during its propagation through the 
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grating.    Further assumptions made during the solving of Maxwell’s equations are 
that there is no reflection at the end of the optical fibre and that coupling to 
radiation modes and absorption can be neglected.  Ultimately this leads to the 
following expression for the reflected optical power (R) in function of wavelength 
(l) and length (L) of the grating: 
( )
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when ( )2 2k l b< D . 
In these equations the following variables appear: 
· the coupling coefficient k(l) given by: 
 
( ) np hk l
l
× D ×
=  (3.4) 
with h the ratio of the light power in the core of the optical fibre to the 
total light power coupled into the optical fibre and Dn the perturbation of 
the refractive index of the fibre core. 
· the de-tuning factor Db given by: 
 
p
b bD = -
L
 (3.5) 
 with L the period of the Bragg-grating and b the propagation constant 
given by: 
 
2 effnpb
l
=  (3.6) 
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 wherein neff is the effective index of refraction. 
· the function S(l) defined as: 
 
( ) ( ) ( )2 2S l k l b l= - D  (3.7) 
· the function Q(l) defined as: 
 
( ) ( ) ( )2 2Q l b l k l= D -  (3.8) 
It follows from the above equations that indeed the reflected power will be 
maximum when the wavelength l is equal to 2B effnl = L . 
The ratio of the maximum reflected optical power to the total optical power 
coupled in the fibre is given by: 
( )( )2max tanh BR Lk l=  (3.9) 
A typical reflected spectrum of a Bragg-grating calculated according to the coupled-
mode theory is shown on Figure 3.2, for two different values for the length of the 
grating. 
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Figure 3.2: Typical reflected spectra from a Bragg-grating, calculated according to the coupled-mode theory.  
Spectra are given for two different lengths of the grating (L = 1 mm and L = 5 mm).  Increasing the length 
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of the grating sharpens the output spectrum, increases the maximum reflected power but also gives rise to 
sidelobes. 
As can be seen from equation (3.9), and as is demonstrated on Figure 3.2, the 
maximum reflected power will increase when the length of the grating (L) increases; 
the reflected spectrum is sharpened and sidelobes arise.  The same could be deduced 
for an increase in Dn (and thus an increase of k). 
3.3 FABRICATION OF BRAGG-GRATINGS IN 
OPTICAL FIBRES 
Nowadays, several techniques exist for the creation of Bragg-gratings in optical fibre 
sensors.  Only methods based on photosensitivity – which actually ‘write’ gratings in 
the fibre core – will be discussed.  The periodic structure can also be introduced by 
(lithographically) changing the geometry of the wave-guide [7] but this gives a very 
fragile fibre and is rarely used. 
Researchers agree that the primary source of photosensitivity in germanosilicate 
fibres is the presence of germanium-oxygen-deficiency centres in the doped glass 
but the mechanisms underlying photosensitivity in germanosilicate optical fibres are 
not yet clearly understood [7,8].  
3.3.1 Longitudinal method or internal writing 
This method is not used to write commercial Bragg-gratings but is discussed here 
because of its great historical importance. 
Hill and co-workers [1,2] observed that when intense visible light from an Argon 
laser source (488 nm or 514,5 nm) was coupled into a special optical fibre (small 
core heavily doped with germanium), the intensity of the back-reflected light 
increased significantly with time.  Spectral measurements confirmed that the 
increase in reflectivity was the result of a growing permanent refractive index grating 
along the fibre length.  A new optical phenomenon called photosensitivity was 
discovered.  The photoinduced grating was self-induced in the fibre core by a weak 
standing wave pattern formed by the interference of the forward-propagating light 
and the Fresnel reflection (4% reflection) at the cleaved fibre end. 
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Figure 3.3: Schematic diagram of the set -up used by Hill and co during which the fabrication of a reflection 
grating was detected [5]. 
The periodicity of the grating is determined by the wavelength of the laser source 
and thus limited to the visible part of the spectrum.  Therefore these gratings 
(sometimes called Hill-gratings) were of no practical interest for applications in 
telecommunication where the preferred wavelengths are around 1300 nm and 1550 
nm, and these gratings thus remained a scientific curiosity for another decade. 
3.3.2 Transverse holographic or side-writing method 
This technique, in which the optical fibre is externally illuminated, through the side 
of the fibre, with interfering UV light beams, was first demonstrated by Meltz et al. 
in 1989 [3].  It was a milestone in the breakthrough of Bragg-gratings for the 
development of optical devices.  The set-up used to inscribe the gratings in bare 
optical fibre is shown in Figure 3.4. 
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Figure 3.4 : Set -up used by Meltz for inscribing Bragg-gratings in the core of an optical fibre. [5] 
By combining two coherent bundles (of equal intensity) from the same UV laser 
source (with a wavelength of 244nm or 257 nm), an interference pattern within the 
core, normal to the fibre axis, is formed.  Initially Bragg-gratings were formed with 
centre wavelengths of 577-591 nm and an index perturbation of 3 x 10-5 had been 
obtained.  This set-up provided the possibility to shift the Bragg-wavelength to 
longer (and more useful) wavelengths, predominantly dependent on the angle q 
between the interfering beams.  It can be shown that the periodicity of the grating L 
is given by: 
2 sin( /2)
UV
UVn
l
q
L =  (3.10) 
Herein is lUV the wavelength of the writing radiation and nUV is the refractive index 
of silica in the UV.  Substituting equation (3.10) in equation (3.1) gives: 
sin( /2)
eff UV
B
UV
n
n
l
l
q
=  (3.11) 
Assuming that the refractive index in the UV is approximately equal to the effective 
index, the Bragg-wavelength is (theoretically) tuneable from nearly the ultraviolet 
source wavelength (q=180°) to infinity (q=0°).  Over the years several variations 
and refinements to the holographic technique have been proposed, mostly through 
the addition of extra optical elements. 
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While the holographic technique provides the ultimate in flexibility, it requires time-
consuming angular alignment of the interferometer for any given reflection 
wavelength.  In addition, the optical set-up is highly susceptible to vibrations and 
requires lasers of high temporal and spatial coherence.  Furthermore, the grating 
length is limited by the laser beam spot size.  Addition of beam expansion optics 
invariably introduces distortions, which compromise the uniformity of the grating. 
3.3.3 Phase mask technology 
The introduction of phase masks meant a further great step forward towards ‘easier’ 
inscription of Bragg-gratings in optical fibres and opened up the possibilities of 
mass production.  Bragg-gratings with tight tolerances can be made in a repeatable, 
reliable and cost effective manner. 
A phase mask is a grating that has a one-dimensional periodic surface relief structure 
(e.g. formed by reactive ion etching) as shown in Figure 3.5.  It is a diffractive optical 
element that divides the incident light into various diffraction orders.  Phase masks 
used for inscribing Bragg-gratings in optical fibres are formed in high quality fused 
silica substrates that are transparent to UV radiation.  The amplitude of the surface 
relief grating (groove depth and profile) is chosen such that when the UV beam is 
normally incident on the phase mask, the zero order diffracted beam is suppressed 
to less than 3% of the transmitted power and the diffracted plus and minus first 
orders are maximized to each contain more than 35% of the transmitted power; the 
rest is lost to reflections from the substrate surfaces and diffraction into higher 
orders. 
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Figure 3.5: Phase mask technology 
In a typical set-up, shown in Figure 3.5, the photosensitive optical fibre is placed in 
near contact directly behind the phase mask.  Interference from the +1 and –1 order 
beams produces a near field fringe pattern which photoimprints a Bragg-grating in 
the fibre core.  The period of the interference fringes is half of that on the phase 
mask.  Compared to the transverse holographic method, a disadvantage of the phase 
mask technology is the fact that the pitch of the Bragg-grating cannot be tuned.  
Thus a separate phase mask is required for each Bragg-wavelength that is wanted. 
A combination of the two techniques has been demonstrated in [9] where the phase 
mask is used as beamsplitter.  The first order beams are then reflected by two 
mirrors and focused by a cylindrical lens onto the optical fibre where they 
recombine to produce interference fringes.  This set-up offers the ability of tuning 
the imprinted Bragg-grating, but again an environmental stable set-up of the mirrors 
has to be achieved. 
The phase mask technique has also been used to fabricate so-called apodised in-
fibre Bragg-grating reflectors [10,11,12].  Finite-length in-fibre Bragg-grating 
reflectors with a uniform index modulation along the fibre length have a spectral 
reflection response with secondary maxima on both sides of the main reflection 
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peak (see Figure 3.2).  This is not desirable, neither in certain telecommunication 
applications (such as WDM, see paragraph 3.4), nor in sensing applications [13] 
because the presence of the sidelobes increases the frequency separation needed 
between optical carriers to reduce interchannel interference.  The sidelobes in the 
frequency response can be suppressed by designing filters of which the refractive 
index modulation has a bell-like functional shape along its length; this is called 
apodisation. 
3.3.4 Pulsed laser 
Excimer lasers are currently the dominant UV sources to write fibre Bragg-gratings.  
They ensure an order of magnitude better throughput compared with competing 
writing technologies based on continuous wave lasers and also permit the 
fabrication of ultra-reliable components with lifetimes of more than 25 years [14].  
An extensive discussion on this topic is held in [15].  Frequently used sources are 
excimer lasers operating at 248 nm (KrF) and at 193 nm (ArF).  These lasers can 
write a fibre grating in a single high-energy shot (some tens of nanoseconds) ‘on the 
fly’ as the fibre is drawn from the tower [16,17], with the transverse holographic 
technique described in paragraph 3.3.2.  These first demonstrations of in-line written 
gratings were restricted to 3 % reflection.  High-quality gratings are typically written 
in two minutes (a few hundred pulses), which is at least ten times shorter as with 
conventional sources (such as a continuous wave argon-ion laser) [14].  The 
combination of phase mask technology (see paragraph 3.3.3) and excimer laser is 
reported in [18]. 
3.3.5 Further developments 
The techniques discussed above making use of mid-UV light require that the 
polymer jacket of the optical fibre be removed.  This is because of the fact that 
standard polymer coatings are not sufficiently transparent at the usual mid-UV 
writing wavelength of 240 nm [19].  Removing this jacket and exposing the glass 
cladding surface to the atmosphere and UV light substantially decreases the strength 
of the fibre [20].  Most of the standard polymer coatings are transparent to near-UV 
light around 330 nm, making it possible to write Bragg-gratings through the 
standard polymer jacket [19]. 
Optical fibres can be hydrogen loaded before exposure to UV light; this is a general 
technique for enhancing the photosensitivity of germanosilicate fibres [21], and is 
performed by soaking the fibres for several days under high pressure (several 
hundred bar) of molecular hydrogen [22].  Bragg-gratings with an index change as 
large as ~3 x 10-3 to ~10-2 have been demonstrated using near-UV light in 
hydrogen-loaded germanosilicate fibres [23,24].  Enhancement of photosensitivity 
has also been demonstrated by co-doping the optical fibre core with boron [25] and 
index changes of ~10-4 have been obtained.  However, it has been shown that 
gratings in hydrogen loaded germanosilicate fibres (co-doped with boron) will decay 
at lower temperatures than non-hydrogen loaded fibres [26]. 
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With proper annealing at high temperatures, fibre gratings can be fabricated that will 
change insignificantly over a period of many decades at the extremes of 
environmental temperatures [27]. 
3.4 APPLICATIONS IN OPTICAL 
TELECOMMUNICATIONS 
Bragg-gratings have become key passive devices for optical telecommunications [7, 
28,29], e.g. filters and wavelength (add/drop) multiplexing [30], dispersion 
compensation, fibre laser [31] and amplifier pump reflectors [32].  The ability to 
write Bragg-gratings in optical fibres by simple exposure to UV light is the key to 
producing a variety of wavelength selective components.  Furthermore, Bragg-
gratings in optical fibre have many benefits that are a direct result of the vast 
infrastructure and technology built around fibre optics for communications. The 
availability of highly uniform, low-loss single-mode optical fibres translates into 
highly uniform and reproducible devices.  Also, the ability to make low-loss 
connections between fibres means that they can be connected and used 
interchangeably, or permanently spliced to other fibres. 
Linearly chirped Bragg-gratings are widely used as dispersion compensating 
elements [7,33,34,35], notably in high-bit-rate fibre transmission systems.  Due to 
the nature of the linear chirp of the grating, different wavelengths will be reflected 
from different spatial regions along the grating.  The wavelengths reflected at the 
end of the grating will thereby experience an additional time delay with respect to 
the wavelengths reflected at the beginning of the grating.  By proper design of the 
chirp one can counteract the broadening of a light pulse due to dispersion.  This 
principle is schematically illustrated on Figure 3.6. 
 
Figure 3.6: Compensation of dispersion of a light pulse using a chirped fibre Bragg-grating. [36] 
A second important application of fibre Bragg-gratings is using them as reflectors 
in fibre lasers [7,31].  These gratings are attractive for this application because their 
centre wavelength, and thus accordingly the laser wavelength, can be precisely 
controlled and tuned.  These benefits can greatly improve the performance and 
capabilities of diode and fibre lasers. 
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Due to their wavelength selective nature, Bragg-gratings are ideally suited for low-
loss fibre-optic transmission filters [7]; examples include filtering in multi-
wavelength networks and noise suppression in amplified systems.  The use as 
bandpass filter (or channel dropping filter) is a very useful function in WDM 
networks [30,36].  The working principle is demonstrated on Figure 3.7.  Identical 
reflection gratings written into each of the arms of a Mach-Zehnder interferometer 
allows the Bragg-wavelength to be rejected to the port on the input side, while 
transmitting the remaining wavelengths undisturbed.  UV radiation can be used to 
trim the optical path to re-balance the interferometer after the gratings have been 
written. 
 
Figure 3.7: A Mach-Zehnder interferometer based bandpass filter using Bragg-gratings. [36] 
Fibre gratings are widely used as spectrally selective components in modern fibre 
optic links with wavelength division multiplexing.  A device offering 25 GHz 
channel spacing has been demonstrated for commercial application in dense 
wavelength-division multiplexing (DWDM) systems [37].  Transport systems based 
around this product should be able of transmitting up to 160 separated wavelengths 
down a single fibre. 
3.5 BRAGG-SENSORS 
3.5.1 Strain and temperature sensitivity 
It must be emphasized that, unless otherwise stated, with strain is meant axial strain 
parallel to the fibre axis (e  = e zz).  Mechanical loading of the optical fibre is a pure 
axial stress; other stress states will be dealt with in Chapter 8. 
From equation (3.1) it is clear that the Bragg-wavelength depends on the effective 
index of refraction (neff) and on the pitch (L) of the grating.  It is obvious that the 
grating pitch will be affected by changes in strain and temperature due to elongation 
or shortening of the optical fibre.  But also the effective index of refraction is 
dependent both on temperature and strain due to internal stresses in the fibre core.  
Using equation (3.1) the total shift in Bragg-wavelength due to strain and temperature 
was derived by Butter and Hocker [38] and is given by: 
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The first component of equation (3.12) represents the effect of mechanical strain 
applied along the axis of an optical fibre with Bragg-grating.  It corresponds to a 
change in the grating spacing and a change in the refractive index; these terms can 
be rewritten as follows.  The first term of the strain component 2 effn e
¶L
¶
 can be 
written as, using equation (3.1), B
l
e
¶L
L ¶
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.  The second term 
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.  By introducing the 
following definition for the so-called (effective) strain-optic constant P: 
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this last term of the strain component finally becomes BPl- . 
Eventually, under the assumption of small strain variations (such that e e¶ = D ), 
the strain effect may be expressed as [38]: 
( )1B B Pl l eD = - D  (3.14) 
where P can be calculated as (this will be show in Chapter 8):  
[ ]
2
12 11 12( )2
effnP p p pn= - +  (3.15) 
in which p11 en p12 are components of the strain-optic tensor (see Chapter 8), and n is 
the Poisson’s ratio of the optical fibre material.  For a typical germanosilicate optical 
fibre p11 = 0,113, p12 = 0,252, n = 0,16 and neff = 1,482 [5].  Substitution of these 
parameters in equations (3.15) and (3.14) gives a value of the strain-optic coefficient P 
= 0,21 and the anticipated strain sensitivity at ~ 1300 nm is a 1,0 pm change as a 
result of applying 1me  (this is a strain of 10-6 mm/mm) to the Bragg-grating.  At ~ 
1550 nm the Bragg-wavelength lB will change 1,2 pm/me .  
The second term in equation (3.12) represents the effect of temperature on the Bragg-
wavelength. It corresponds to a thermal expansion of the Bragg-grating and again a 
change in the refractive index. This fractional wavelength shift for a temperature 
change DT may be written as [38]: 
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where 
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 is the thermal expansion coefficient of the optical fibre 
(approximately 0,55 x 10-6 1/K for silica).  The quantity 
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the so-called thermo-optic coefficient, which is approximately equal to 8,6 x 10-6 
1/K for the germania-doped, silica-core fibre [5].  The coefficients af and an are 
combined in the temperature coefficient b.  Clearly the index change is by far the 
dominant effect.  From equation (3.16) the temperature sensitivity at ~ 1300 nm is a 
12 pm-change as a result of a temperature change of 1°C. The temperature 
sensitivity at ~ 1550 nm is ~ 14 pm/°C.  
It now becomes apparent that any change in wavelength, associated with the action 
of an external perturbation to the grating, is the sum of strain and temperature 
terms. Therefore, in sensing applications where only one perturbation is of interest, 
the deconvolution of temperature and strain becomes necessary. 
From equation (3.14) it can be seen that the strain is directly encoded into a 
wavelength, which is an absolute parameter.  Measurement interruption, by accident 
or intended, does not cause any problem, and does not ask for a new calibration, as 
is most often the case with classical strain gauges.  It also appears that the result 
does not depend on the total light level; losses in the connecting fibres or optical 
couplers, or fluctuations in the power of the broadband light source have no 
influence.  This is an important aspect when considering long-term field 
measurement.  Furthermore, the wavelength-encoded nature of the output also 
facilitates wavelength division multiplexing.  It allows the distribution of several 
gratings over a single optical fibre, by assigning each sensor to a different portion of 
the available spectrum of the light source. 
3.5.2 Dependence on a more-dimensional strain field 
An important part of literature adopts equation (3.14) stated above for the 
measurement of external fields such as acceleration, ultrasonic waves and force, as 
these measurements are converted to strain in all practical measurement systems.  
But, in all these cases, it is implicitly assumed that the resulting stress field is directed 
parallel to the longitudinal axis of the optical fibre. 
In equation (3.14), which gives the relationship between axial strain and the resulting 
shift in Bragg-wavelength, the strain-optic coefficient (sometimes also called elasto-
optic coefficient) P is used.  This coefficient, defined by equation (3.15), is related to 
the so-called photoelastic effect, which means that applied strain results in a change 
in the index of refraction.  It should however be born in mind that the photoelastic 
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effect holds for the 3 dimensions and thus that the shift in Bragg-wavelength should 
be dependent on the total strain field. 
A detailed discussion on the dependence of a Bragg-sensor on a more-dimensional 
stress field (or strain field) is held in Chapter 8. 
3.6 DEMODULATION TECHNIQUES [39] 
3.6.1 Passive broadband interrogation - Filtering techniques 
The most straightforward means for interrogation of a fibre Bragg-grating sensor is 
schematically shown on Figure 3.8. 
 
Figure 3.8 : Passive broadband interrogation of fibre Bragg-grating sensor elements. [39] 
Light from a broadband light source is coupled into the optical fibre with Bragg-
grating, and the narrowband component reflected by the Bragg-sensor is directed to 
a wavelength detection system through an optical coupler; this technique is called 
passive broadband interrogation.  Several options now exist for measuring the 
wavelength of the optical signal.  These include the use of a spectrum analyser (or 
simpler spectrometer), passive optical filtering, tracking using a tuneable filter, and 
interferometric detection.  This is further discussed in the following paragraphs.  
Some filtering options are shown in Figure 3.9. 
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Figure 3.9 : Basic optical filtering functions for processing fibre Bragg-grating return signals. [39] 
3.6.1.1 Broadband filters 
This technique is based on splitting the narrowband output of a Bragg-grating 
sensor into two paths.  In one path the intensity is directly measured (reference) 
while the other passes through a bulk-optic wavelength dependent filter before 
reaching the detector.  Comparison of the two transmittances leads to an indication 
of the wavelength shift.  The use of bulk-optic components however leads to 
difficulties in alignment stability and in a somewhat relatively limited sensitivity.  
This problem can be overcome by making use of an all-fibre device with a 
wavelength dependent transfer function.  Amelioration of the filter function can be 
performed by making use of a wavelength dependent 2x2 fibre optic coupler.  This 
all-fibre implementation has been presented in [40] and is schematically shown on 
Figure 3.10. 
Structural monitoring of composite elements using optical fibres with Bragg-sensors. 
104 
 
Figure 3.10 : Schematic diagram of a Bragg-sensor demodulation scheme based on a wavelength selective 
fibre-optic coupler. [40] 
The fibre Bragg-grating is illuminated using a broadband light source via one port of 
a typical 3 dB fibre optic coupler.  The narrowband signal back-reflected from the 
Bragg-grating is directed to the wavelength dependent coupler; a fibre isolator was 
used to protect the source from this reflected component.  Detection of the output 
intensity of both ports on the output coupler and simple electronic processing 
(taking the ratio of the difference to the sum of the outputs) reveals a voltage 
directly proportional to the grating strain.  A strain resolution of approximately 3 me  
has been indicated over a 1000 me  sensing range. 
A demodulation instrument based on the use of a bulk optical filter has been used 
during part of the experiments described in this work.  The instrument is 
commercialised by ElectroPhotonics Corporation (now Uniphase) and called 
FOGSI  (Fibre Optic Grating Sensing Instrument) type FLS3100.  Main properties 
are an accuracy of 5 me  and a resolution of 1 me  at a maximum measurement 
frequency of 1 kHz [41]. 
3.6.1.2 Edge filters 
The principle of this technique is exactly the same as the previous.  Main differences 
are increased sensitivity, due to the steeper cut-off, and limited dynamic range in 
comparison to the broadband filters. 
3.6.1.3 Tuneable narrowband filter 
A third, and possibly the most attractive, technique is based on using a tuneable 
narrowband filter for tracking the spectrum reflected from the Bragg-grating.  
Possible arrangements of this filter type include Fabry-Pérot filters [42], acousto-
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optic filters [43,44], and fibre Bragg-grating filters [45].  The tuneable filter can be 
operated in either a tracking or scanning mode.  In the tracking mode, the filter 
passband is locked to the Bragg-signal using a simple feedback loop arrangement. 
In the case of a Fabry-Pérot type filter (principle is the same for a Bragg-grating 
used as filter) this is accomplished by dithering (at a high carrier frequency) the 
Fabry-Pérot resonance wavelength using a piezoelectric element by a small amount 
(~ 0,01 nm) and using the same piezoelectric element for adjustment of the cavity 
spacing to lock to the Bragg-wavelength.  The voltage applied for tuning the Fabry-
Pérot filter (feedback voltage) is directly related to the wanted measurand.  The 
scanning mode is particularly attractive for interrogating multiple Bragg-gratings 
(multiplexing) along a fibre path.  The nominal Bragg-wavelengths and their 
respective operational wavelength ranges are chosen not to overlap, and all fall 
within the spectral envelope of the broadband light source.  Again the cavity of the 
Fabry-Pérot filter is adjusted by a control voltage applied to a piezoelectric element 
attached to one of the mirrors. 
The output signal of this type of filter is in fact a convolution of the Bragg-signals 
and the filter function; this broadens the peak signals limiting somewhat the 
sensitivity of this filter.  However sensitivity can be increased by electronically 
derivating the output signal (the component at the dither frequency), a signal that 
crosses zero at the Bragg-wavelength is obtained. 
Resolution obtained with an acousto-optic filter in [43] was 2,62 pm (this is 2,2 me) 
for a measurement range of more than 60 nm (this is equal to a strain value of 
approximately 5%) during static testing.  However [44] indicates a strain resolution 
of 0,1 me  for static deformations and 0,0023 me/Hz1/2 for dynamic strains, also 
obtained with such a filter.  Using a Fabry-Pérot filter [42], a resolution of ~ 6 me  
has been obtained.  A demodulation technique based on a Bragg-filter obtained a 
resolution of ~ 1 me for static axial strain [45]. 
A French laboratory (CEA-LETI) has commercialised a portable demodulation 
instrument of which the filter part is a Fabry-Pérot cavity [46].  The instrument is 
intended for reading out multiplexed Bragg-gratings (spectral range of 50 nm).  Two 
reference gratings integrated in the instrument are used as reference, which allows 
absolute measurements to be taken.  The scanning rate is 0,5 Hz and a resolution of 
less than 5 me  can be obtained.  A similar instrument (spectral range of 40 nm and 
scan frequency of 50 Hz) has  been commercialized by Micron Optics (USA) [47]. 
3.6.1.4 Interferometric filtering 
The last filtering technique shown in Figure 3.9 is based on an unbalanced 
interferometer.  In [48] a demodulation scheme based on an unbalanced Mach-
Zehnder interferometer has been demonstrated.  It is particularly suitable for high-
resolution dynamic strain sensing.  A schematic diagram of the demodulation set-up 
is shown in Figure 3.11. 
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Figure 3.11 :Fibre-interferometric wavelength discriminator for dynamic strain measurements with optical 
fibre Bragg-gratings. [48] 
The fibre Bragg-sensor is interrogated using a broadband light source; the reflected 
Bragg-signal is tapped of using a coupler and fed to an unbalanced interferometer.  
Strain perturbation of the Bragg-grating leads to wavelength modulation of the light 
input to the interferometer.  This unbalanced interferometer behaves as a spectral 
filter with a raised cosine transfer function output (having the form 1+cos(f); with 
the phase term dependent on the input wavelength).  Both arms of the 
interferometer are lead to photodetectors of which the voltage signals are balanced 
to provide intensity noise rejection.  The interferometer is held in quadrature by a 
feedback applied to a piezoelectric cylinder fibre stretcher in one arm of the 
interferometer, which compensates for low-frequency phase drift fluctuations (due 
to environmentally induced change in the optical path difference).  A minimum 
detectable strain perturbation of approximately 0,6 ne/Hz1/2 for frequencies greater 
than 100 Hz has been demonstrated.  Photodetector noise increased below 100 Hz, 
limiting the working range of the set-up.  This discriminator technique is also 
capable of interrogating several Bragg-gratings using time domain division 
multiplexing (TDM).  The set-up can only be used for relative strain measurements.  
It is not interrupt immune and is hence not suitable for the measurement of quasi-
static and low frequency strains, which are critical in practical applications [49].  The 
static strain sensitivity of these techniques is at least 10 to 50 times less because of 
the sensitivity of the interrogation interferometer to acoustic noise and thermal 
fluctuations [50].  A reference Bragg-grating should be introduced into the 
demodulation set-up for providing the possibility of performing absolute 
measurements.   
A similar demodulation scheme based on the use of an unbalanced bulk Michelson 
interferometer is described in [51].  The system is stated to be capable of 
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multiplexing 32 sensors, however only experiments with 4 sensors are reported.  A 
strain resolution of ~2 me  has been achieved for a total range of ~1 me . 
A theoretical analysis of the wavelength-measurement error when using an 
interferometric detection scheme is given in [52]. 
3.6.1.5 Chirped grating filter 
Blue Road Research corporation has developed a low cost and high speed grating 
demodulation system based on the use of a chirped grating as filter element [53].  
Sensing speeds are only limited by the speed of the detection circuit.  Current speeds 
are in the order of 7 to 10 kHz.  However, resolution is limited to approximately 
150 me .  A schematic drawing of the demodulation instrumentation is shown in 
Figure 3.12. 
 
Figure 3.12 : Schematic diagram of the (commercial) demodulation instrument developed by Blue Road 
Research. [53] 
An edge light emitting diode (ELED) couples light into a single-mode fibre through 
a 50% splitter.  Half of the light is guided to a Bragg-grating sensor connected to the 
demodulation instrument.  The reflected light spectrum travels back into the box 
and is lead to photodetectors through two beamsplitters.  Half of the power at the 
second splitter is collected by a fast detector while the other half first goes through a 
chirped fibre grating and then is lead to a detector.  The chirped grating truncates 
the incoming light in such a way that the ratio of the two output signals is linearly 
proportional to the strain or change in temperature applied to the Bragg-sensor. 
3.6.1.6 Interrogation by a long period grating 
Long-period gratings are also formed by inducing a periodic refractive index 
modulation in the core of a photosensitive optical fibre.  The spatial periodicity of 
this index variation can range from tens to hundreds of micrometers [54].  The 
phase-matching condition causes light from the fundamental guided mode to couple 
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to forward-propagating cladding modes at distinct wavelengths given by the 
following relationship: 
( ) ( )( )m meff cln nl = - L  (3.17) 
where L is the grating period, neff is the effective index of the guided mode, and ncl(m) 
is that of an azimuthally symmetric cladding mode of order m [55].  The cladding 
modes lose power rapidly on propagation due to surface defects and absorption by 
the protective jacket.  Hence the transmission spectrum of a typical long-period 
grating consists of a series of loss bands centred at discrete wavelengths, as shown 
in Figure 3.13.  
 
Figure 3.13: A typical transmission spectrum of a long period grating. [58] 
Application of long-period gratings has been demonstrated for telecommunication 
applications, e.g. as wavelength-selective couplers [56] and as bandpass filter [57].  
This filter function can also be favourable used in demodulation of conventional 
Bragg-sensors [58], as demonstrated on Figure 3.14.  High strain resolution of 0,5 me  
and a large dynamic range of 8.100 me  have been reported. 
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Figure 3.14: Spectra of a fibre Bragg-grating strain sensor and the long period grating employed to interrogate 
the sensor.  [58] 
3.6.2 Passive narrowband interrogation – Tuneable laser 
demodulation 
The operational principle of this technique is in fact quite simple.  A Bragg-grating is 
interrogated by the narrow output spectrum of a tuneable laser.  The optical power 
of the back-reflected signal and this of the laser light (used for referencing) is 
detected by a photodetector.  By sweeping the wavelength of the tuneable laser one 
gets the reflected power in function of wavelength and can thus easily determine the 
Bragg-wavelength.  This technique could also be used for multiplexed Bragg-
sensors.  The development of a demodulation instrument based on this technique is 
discussed in [59], however without indications on neither resolution nor 
measurement range.  Micron Optics (USA) has developped a so-called ‘Fiber Bragg 
grating Swept Laser Interrogator’ [47] that makes it possible to interrogate 64 Bragg-
sensors on each of four input channels at a scan frequency (over the entire spectral 
range of 40 nm) of approximately 100 Hz. 
3.6.3 Active interrogation 
The basic concept of an active interrogation set-up is shown in Figure 3.15.  Here the 
fibre Bragg-grating acts as one of the reflectors of a laser cavity and the lasing 
wavelength (this is the Bragg-wavelength) is monitored as the system output.  
Demodulation of the output signal can be performed with one of the (passive) 
filtering techniques discussed above. 
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Figure 3.15: Schematic concept of an active interrogation technique for fibre Bragg-grating sensors. [39] 
The gain section (or amplifier) in the cavity can for example be provided by an Er-
doped fibre section.  With the cavity gain greater than unity, the system will lase at a 
wavelength determined by the Bragg-wavelength, and measurand induced shifts in 
the Bragg-wavelength will shift the lasing wavelength.  This concept is limited in the 
way that it can only be used for interrogation of one Bragg-grating.  Possible 
solutions for addressing multiple wavelengths are discussed in [39]; they respectively 
operate by incorporating a tuneable wavelength selective filter in the cavity or 
operate in mode-locked way selectively addressing each cavity formed, making it 
possible to address individual Bragg-gratings.  The development of such a fibre laser 
strain sensor is discussed in [49].  The proposed device provides interrupt immune 
sensing of static and dynamic strains with a resolution of 5,4 me  and a bandwidth of 
13 kHz.  The measurement range was however limited to 415 me , but this was due 
to the passive interference filter used and can be ameliorated by using a more 
appropriate filter technique. 
A possible minus of the above described passive interrogation systems is the use of 
spectrally broadband sources to interrogate one Bragg-sensor.  Only a small fraction 
of the source light will be reflected as the Bragg-grating is perturbed.  The low 
power of this reflected signal can possibly limit the signal-to-noise ratio and 
bandwidth of the demodulation system.  An active interrogation system provides 
improved interrogation efficiency over broadband systems, increasing the signal-to-
noise characteristics of the system. 
3.6.4 Temperature compensation 
As has been shown above, the Bragg-wavelength shifts are dependent both on strain 
and temperature.  So-called temperature-compensating packages have been 
developed to exclude the influence of temperature on the measurements [60].  The 
grating is mounted under tension in a package comprising two materials with 
different thermal-expansion coefficients.  As the temperature rises the strain is 
progressively released, compensating the temperature dependence of the Bragg-
wavelength.  A fibre grating mounted in a package 50 mm long and 5 mm in 
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diameter exhibited a total variation in Bragg-wavelength of 0,07 nm over a 100 °C 
temperature range, compared with 0,92 nm for an uncompensated grating.  These 
packages clearly cannot be used when the Bragg-sensors are used as strain sensors 
embedded in composite materials, and thus this cross-sensitivity requires the need 
for temperature compensation.  Different techniques are possible and have been 
mentioned in literature. 
A possibility for discriminating strain and temperature is to use two Bragg-sensors 
of which one is isolated from strain.  This can for example be done by sealing a 
reference Bragg-grating in a silica capillary [61] and placing it in close proximity to 
the Bragg-grating strain sensor.   In [62] part of the Bragg-grating is glued to the 
surface of a cantilever beam, and part of the grating section is free.  By prestraining 
the optical fibre one gets two gratings with different pitches and thus strain and 
temperature can be discriminated.  This last solution can of course not be used for 
embedded applications. 
Bragg-sensors with different Bragg-wavelengths exhibit a different dependence on 
strain or temperature (see before).  Therefore one could think of using two Bragg-
gratings written at different wavelengths for extracting strain and temperature at the 
same time.  In [63] two Bragg-gratings with wavelengths respectively at 848 nm and 
at 1298 nm have been superimposed.  The shifts in Bragg-wavelengths for both 
sensors were calibrated for strain (under constant temperature) and temperature 
(under constant strain) dependence.  It was expected, however not stated with 
experimental results, that inversely strain and temperature could be deducted from 
wavelength measurements with errors of typically 10 me  and 10°C. 
Another technique demonstrated uses a Bragg-grating written at the splice joint of 
two different (with different refractive index) optical fibres [64].  In fact thereby two 
gratings are formed.  It was shown that the two gratings exhibited the same strain 
dependence but different temperature dependence.  Errors of typically ±8,5 me  and 
±1,6 °C were observed in the measurement range of 500 me  and 100 °C. 
By the combination of two sensors of different types, with inherent different 
response to strain and/or temperature, subjected to the same environmental 
perturbation one should be able to discriminate the strain and temperature values.  
Two measurements should indeed yield two well-conditioned equations for axial 
strain and temperature.  This has been demonstrated for a serial and a parallel 
combination of a Bragg-sensor and an intrinsic Fabry-Pérot sensor [65].  
Principle of operation of this sensor system is that while the response of the Fabry-
Pérot sensor is primarily a function of the axial strain, the Bragg-sensor responds to 
both the strain and temperature.  Both sensors are interrogated at a different 
wavelength and using separate demodulation instrumentation.  The results obtained, 
with this sensor system glued onto a composite plate, while simultaneously varying 
the temperature over 130 °C and strain field over 1500 me  showed favourable 
agreement with thermistors and resistance strain gauges.  The resolution of strain 
and temperature were limited to roughly 80 me  and 10 °C, respectively.  This error is 
mainly attributed to the 0,1 nm resolution of the optical spectrum analyser used for 
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detection of the Bragg-signals.  A similar sensor system, making use of a fibre 
Bragg-grating in combination with an extrinsic Fabry-Pérot cavity is discussed 
in [66] and an extensive theoretical treatment of the signal demodulation is given. 
3.7 SENSOR APPLICATIONS 
3.7.1 Civil engineering applications 
Bragg-sensors have found widespread application in structural health monitoring of 
civil engineering structures.  Laboratory experiments with Bragg-sensors on the 
surface of and embedded in concrete structural elements have been demonstrated in 
a number of articles.  In [67] nine pre-stressed concrete beams (2,75 m in length) 
instrumented with surface-mounted fibre-optic Bragg-sensors and one with 
embedded sensor have been tested.    The Bragg-readings showed consistent with 
these obtained from classical measuring methods such as electrical resistance strain 
gauges and LVDT’s2.  A full-scale model of a bridge (Salmon River Bridge, Canada) 
has been instrumented with Bragg-sensors glued on steel straps and embedded in 
composite reinforcement of the concrete bridge deck [68].  Strain readings, during 
calibration of the elements before embedment in the concrete structure, showed 
reasonable comparison with readings from conventional foil strain gauges (within 
seven percent for a properly applied gauge).  Difficulties were encountered during 
the embedment of the optical fibres within the composite reinforcement.  It was 
also detected that movement of the optical fibre lead to fluctuations in the signal, 
but the phenomenon could not be explained.  The same problem was however 
encountered by the author using similar instrumentation as in this example.  After 
extensive discussion with the supplier of the instrumentation it was found that 
polarisation dependence of some elements must be the reason [69].  These 
discussions have lead to adaptations of the commercialised instrumentation.  Bragg-
sensors have been glued upon steel specimens for strain measurements during cyclic 
tension [70].  Another full-scale laboratory bridge (12,2 m in length) has been 
instrumented with a multiplexed Bragg-grating optical fibre monitoring system [71].  
In total eighty-four sensors were attached to the steel reinforcement in the concrete 
deck and attached to the bottom flange of the steel girders.  Strain measurements 
have been performed for the pristine structure and after damage had been 
introduced to one of the exterior steel girders.  All events were clearly detected by 
the sensing system.  Shrinkage strains of cement paste in the early age (i.e. 
between 0 and 12 hours after mixing) have been measured by means of embedded 
Bragg-sensors [72].  In the same article, a special sensor appliance has been 
reported.  The glass fibre is mounted inside a steel tube that is embedded in 
concrete prisms, which were subjected to compressive load.  Bragg-sensors were 
also glued to steel reinforcements of concrete beams (3,9 m length) tested under 
                                                 
2 LVDT: linear voltage differential transformer 
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four-point bending.  All tests showed good accordance between strain 
measurements obtained with Bragg-sensors and with conventional electrical strain 
gauges.  Experiments on concrete cylinders and flooring are reported in [46] and 
include strain measurements and crack detection.  The development of an 
extensometer, based on Bragg-sensors, that can be embedded in or attached to the 
outside of concrete structures, is presented by the same research group in [73]. 
Real-world applications have for example been demonstrated in the European 
Brite/Euram STABILOS project [74,75].  The ID-FOS Research Group, spin-off 
from the VUB, is a partner in this project.  The main purpose of this project was to 
accurately measure load and displacement changes in underground excavations such 
as mines or tunnels by means of instruments based on optical-fibre-sensors (Mine 
Pirites Alentejanas, Tunnel Suisse Mont-Terri).  An overview of the projects in 
which ID-FOS Research Group is (and has been) involved can be found on their 
website [76].  The Beddington Trail Bridge (Calgary) was the first in the world to use 
carbon fibre composite prestressing tendons in several of its precast concrete deck 
support girders.  A number of these girders have been instrumented with an array of 
fibre-optic intracore Bragg-grating sensors [77].  This bridge was also the first in the 
world to have a structurally integrated sensing system based on Bragg-sensors.  
Instrumentation of another bridge (Winooski River, Vermont) has been briefly 
reported in [78].  The fibre-optic sensors have been epoxied directly onto the bridge 
deck rebar.  One of the twelve cable pairs of a stay cable bridge (Storchenbrücke in 
Winterthur, Switzerland) was made of CFRP instead of steel [79].  Each CFRP cable 
was equipped with an array of seven Bragg-grating strain sensors, conventional 
resistance strain gauges, temperature and humidity sensors and displacement 
transducers in the anchors of the cables, to monitor the cables during construction 
of the bridge, under traffic load and seasonal fluctuations.  Measurements during the 
construction phase showed excellent agreement between strain gauge readings and 
Bragg-readings.  Other examples of bridge monitoring include traffic monitoring, 
vibration monitoring, girder deflection reconstruction, and modal extraction of an 
in-service steel interstate bridge (Las Cruces, New Mexico) and strain and concrete 
shrinkage monitoring during construction phases of a cantilevered box-girder bridge 
(Lausanne, Switzerland) [80].  These bridges were instrumented with arrays of up to 
64 multiplexed sensors interrogated by a scanning Fabry-Pérot filter.  A prestressed 
concrete bridge near Dresden (Germany) has also been instrumented with Bragg-
sensors [72].  Strain measurements have been performed (using a spectrum analyser) 
during prestressing of the bridge 
3.7.2 Composite structure applications 
Again a wide variety of laboratory experiments have been mentioned in literature.  
Simple tensile testing of carbon fibre-reinforced composite specimens has been 
reported in [81].  Strain readings from two embedded Bragg-sensors were shown to 
be in excellent agreement to strain readings from surface glued classical resistance 
strain gauges.  Real-time internal strain measurement by means of optical fibre 
Bragg-grating sensors during the curing process of a carbon fibre reinforced epoxy 
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composite (UD) has been reported in [82].  These measurements were combined 
and compared with measurements of embedded dielectric microsensors following 
the state of cure.  The main goal is to relate the internal strain levels with the onset 
of liquification, gelation and vitrification of the matrix resin.  Optical fibres with 
Bragg-sensors have been embedded in cylindrical composite structures such as a 
utility pole and a simulated missile body [83], which were subjected to three-point 
bending tests.  Strain measurements have been compared with measurements from 
surface-mounted electrical resistance strain gauges and showed good agreement.  
Problems encountered were due to the limited working range and temperature 
dependence of the used demodulation unit (based on the use of wavelength 
selective coupler as filter, see 3.6.1).  A composite sandwich panel, which was a 
structural element for a radome, has been instrumented with Bragg-sensors 
positioned in contact with one of the skins [84].  Purpose of the research was to 
demonstrate the feasibility of Bragg-sensors for damage detection.  Temporary 
strain (~40 me ) was detected during impacts beginning at 6 J.  It was further shown 
that damage created by a 10 J impact was large enough to be detected by a Bragg-
sensor, and permanent strains could be measured.  Process-induced strain has 
been measured with a Bragg-sensor during the fabrication of a composite laminate 
[85].  The graphite/epoxy composite face sheets of a sandwich deck panel for 
spacecraft applications have been instrumented with arrays of Bragg-sensors [50] 
and subjected to vibration experiments.  Good agreement between the Bragg-sensor 
strain measurements and these from conventional electrical resistance strain gauges 
is reported. 
Sixteen Bragg-sensors have been mounted on a cantilever honeycomb sandwich 
panel consisting of aluminium faceplates on a foam core [86].  The strain 
measurements were used to determine the shape of the element under arbitrary 
loading conditions. 
A number of examples of instrumentation of real-world structures with Bragg-
sensors have also been reported.  Structural monitoring of a composite hull air 
cushion catamaran is discussed in [87].  Analysis of the data showed that the 
sensors were ideally suited to measure lower frequency, high-amplitude strains 
encountered in the bending of the hull, as well as the small, and high frequency 
vibrations present in the propulsion system.  Composite yacht masts (carbon fibre 
reinforced) have been instrumented with a network of eight parallel fibres, each 
containing five sensors positioned at various locations along the mast and boom 
[88,89].  An embedded optical fibre with four deformation sensors and one 
reference temperature sensor has been embedded in a composite waterworks lock 
gate [90].  Load testing was conducted in a specially designed testing dock and on-
site.  An example of results is shown in Figure 3.16 with a clear indication of events 
such as boat crossing, gate opening and closing.  The absolute values of the 
recorded strains have to be further analysed with regard to data obtained by finite-
element-simulations. 
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Figure 3.16 : On-site strain measurements with optical fibre Bragg-sensors embedded in a composite 
waterworks lock gate. [90] 
3.7.3 Other applications 
The possibility of measuring ultrasonic fields for medical applications has been 
investigated in [91].  Preliminary experiments showed rather poor resolution, but 
improvements are expected by adaptations of the demodulation scheme. 
Fibre Bragg-grating sensors have been used to monitor the axial and radial 
(transient) strain induced in a 30 mm calibre gun barrel by the passage of a 
projectile with a muzzle velocity of > 1 km/s [92].  The used demodulation 
technique was based on transducing the measurand-induced Bragg-wavelength shift 
into an intensity change using a spectral filter.  The signals were detected by 
avalanche photodiodes (electrical bandwidths of 100 kHz and 1 MHz) and a 
resolution of about 50 mm was obtained.  Data produced by optical and 
conventional foil strain gauges were in good agreement. 
Bragg-sensors mechanically fixed to piezoelectric elements have been used to 
measure high voltages (a dynamic range up to ~9500 Vrms) [93].  Due to the 
converse piezoelectric effect (the piezo-element changes in dimensions through an 
applied high voltage) a Bragg-wavelength shift modulation is obtained.  The same 
principle has been demonstrated for the measurement of large currents (over a 
range of 700 A) [94]. 
Pressure sensing has been demonstrated in [95].  The sensor was loaded up to 70 
MPa and a corresponding wavelength shift of 0,22 nm was measured.  This means a 
fractional wavelength shift of –1,98 x 10-6 compared, which is much lower than the 
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theoretically expected –5,18 x 10-6.  Therefore application is only to be expected 
mainly for ultra-high pressures. 
Strain rosettes based on Bragg-gratings have been designed; they were made of two 
or three non-collinear Bragg-gratings, mounted on a polyimide substrate at 45° or 
60° to form rectangular or delta rosettes respectively [96].  The rosettes can be 
bonded onto the surface of different materials, much in the same way as strain 
rosettes based on classical electrical resistance strain gauges.  [97] added a fourth 
grating within a thin walled capillary of silica to the strain rosette to discriminate 
temperature from strain. 
 
Figure 3.17: Strain rosette based on three Bragg-grating sensors in one optical fibre.  [96] 
3.8 VARIOUS 
3.8.1 Gratings in multi-mode fibres 
It has been demonstrated that fibre Bragg-gratings can also be written into multi-
mode fibres [98].  The gratings were inscribed by the phase mask technique in 
50/125 mm step-index profile fibres.  These could be advantageous against their 
single-mode counterparts because single-mode fibre compatible components (light 
sources, …) generally cost more.  The dependence of the Bragg-wavelength on 
temperature and strain was comparable with these for conventional gratings in 
single-mode fibres.  Up till now, no practical applications of these Bragg-sensors 
have been reported. 
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3.8.2 Future perspectives 
The market opportunities of Bragg-gratings have been investigated and a ten-year 
forecast of the worldwide market has been reported in [99].  In 2000 the total 
market was worth more than USD 50 million, and it is estimated to reach USD 510 
million by 2008.  The highest growth rate will occur in networks.  Sensor 
applications initially had a slow growth rate but rapid growth is expected at the end 
of the decade; 36 % of the Bragg-market is expected to be for sensor applications.  
Component price is critical for market success, and only when volume production is 
established will prices fall and further market penetration be achieved.  The three 
biggest players on the fibre Bragg-grating market are North-America (35%), Japan 
(29%) and Europe (21%).  The market division and prediction of growth in Europe 
is shown in Figure 3.18.  Germany, the UK and France are the main players on the 
market due to the presence of large-scale manufacturing centres.   
 
Figure 3.18 The European Bragg-grating market by region shows strong growth everywhere. [99] 
Across Europe an increasing number of companies and laboratories are researching 
applications for fibre Bragg-grating based strain gauges [99,100].  Most European 
research addresses the health monitoring of structures; research and 
commercialisation efforts are lead by the Fibre Optical Sensor European Network 
(FOS-EN), which was set up in 1998 [101]. 
What is the opinion of the major European players in the fibre-optic sensor market 
[102] on the future of Bragg-sensors?  Pierre Ferdinand of CEA-LETI in France 
(Bragg-sensor applications) believes that Bragg-sensors are poised to penetrate the 
sensor market over the next years, which will be devoted to transferring the 
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technology in a range of real-world applications.  Swiss’ SMARTEC R&D director 
Daniele Inaudi (interferometric sensor applications) does not believe that Bragg-
sensors have a bright future in structural monitoring.  Their high price makes it 
difficult for them to compete with traditional sensors, such as electrical strain 
gauges.  In the opinion of Jürgen Braunstein, technical director at OSMOS DEHA-
COM (microbending sensor applications), Bragg-sensors are ‘overqualified’ for civil 
engineering environments.  However, to the opinion of these last two persons, 
Bragg-sensors will find many more uses as embedded sensors in the composite 
materials sector! 
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CHAPTER 4  
STRAIN MONITORING OF SIMPLE 
COMPOSITE LAMINATES 
This chapter discusses experiments conducted with the intention to 
investigate the feasibility of Bragg-sensors as strain gauge embedded 
in composite laminates.  First the applied demodulation techniques 
are described, thereafter the strain and temperature dependence of the 
Bragg-sensors are experimentally validated.  A next part describes 
the fabrication process of the composite plates with embedded optical 
fibres and gives results of some preliminary experiments.  The 
strains determined by means of the Bragg-sensors are validated by 
means of deflection measurements.  Finally, dynamic measurements 
during impact tests are proposed with a technique to assess the 
global damage state of a composite element.  
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4.1 STRAIN AND TEMPERATURE DEPENDENCE 
OF AN OPTICAL FIBRE WITH BRAGG-SENSOR 
4.1.1 Experimental test set-up 
Two different test set-ups have been used in the experiments described in this and 
the following chapters, i.e. a so-called local and a remote set-up.  First a description 
of the main components of the remote experimental test set-up is given.  A general 
overview of the set-up is schematically shown in Figure 4.1.   
 
Figure 4.1: Schematic overview of the remote test set -up. 
Strain monitoring of simple composite laminates 
127 
The instrument used to interrogate the Bragg-sensors is an optical spectrum analyser 
(OSA).  This OSA has a built-in white light source, i.e. a very broadband light 
source, which is used to couple light power into an optical fibre connected to one 
arm of a 3dB-coupler.  A 3dB-coupler splits the optical power into two equal 
components and is used to tap off the light that is back-reflected from a Bragg-
sensor and couple it into the detection unit of the OSA.  Since an optical spectrum 
analyser is a very sensitive optical instrument it could not be removed from the 
optical clean room from the department of Information Technology of the Ghent 
University.  This room is on a different floor than the test room where the actual 
experiments were conducted.  Thereto a single-mode optical fibre link of 
approximately 200 m long between the test room and the optical clean room has 
been realised.  The personal computer used for setting the parameters of the OSA 
and saving of the recorded spectra was also placed in the test room at the 
department of Mechanical Construction and Production.  Therefore a second, 
independent, multi-mode optical fibre link has been installed.  The electric signals 
are converted into optical signals through the use of a fibre-optic transceiver.  The 
necessary control and monitor software has been developed in LabVIEW. 
This remote test set-up has some inherent advantages.  The optical spectrum 
analyser is a very accurate optical instrument and makes it possible to record the 
entire spectrum reflected by a Bragg-sensor.  Further, the global set-up is of course 
very interesting for real-world applications.  The demodulation instrument, 
controlling computer and other apparatus could be positioned in a central 
dispatching unit from where the mechanical behaviour of composite structures 
equipped with Bragg-sensors can be monitored.  At the same time, these advantages 
become disadvantage for the intended experiments.  The spectrum analyser should 
be kept in a clean optical room and cannot be placed in our laboratory or on the 
field, which gives some practical problems when performing tests.  Further, the 
OSA is a basic instrument for the department INTEC making that it can only 
sporadically be used for our experiments. 
Therefore a commercial demodulation instrument for Bragg-sensors has also been 
acquired.  In the rest of this chapter the test set-up using this instrument is called 
local set-up.  The local experimental test set-up is somewhat simpler in 
implementation; a schematic overview is given in the following Figure 4.2.  All three 
components (steering PC, object under test and demodulation instrument) are 
positioned at the same place.  The demodulation instrument used is commercialised 
by ElectroPhotonics Corporation (now Uniphase) and called FOGSI  (Fibre Optic 
Grating Sensing Instrument) type FLS3100.  Its demodulation principle is based on 
the use of a bulk optical filter; main properties are an accuracy of 5 me  and a 
resolution of 1 me  at a maximum measurement frequency of 1 kHz. 
Both set-ups have been used in a mixed way, depending on the purpose of the tests 
as well as on the availability of the instruments. 
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Figure 4.2: Local test set -up. 
4.1.2 Temperature dependence 
The temperature dependence of Bragg-sensors has been determined by placing the 
sensors in a hot-air oven.  The shift in Bragg-wavelength has been measured during 
the cooling phase.  On Figure 4.3 three reflected spectra from a Bragg-sensor are 
shown, which were measured at three different temperatures using the remote test 
set-up.  
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Figure 4.3 : Three reflected spectra from a Bragg-sensor in a remote set -up, at 32°C, 50°C and 73°C. 
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It can clearly be seen that the spectra shift towards higher wavelength values as was 
theoretically described in Chapter 3.  As can be seen on Figure 4.3, there is an 
important influence of noise on the recorded spectra.  This is an inherent result of 
using the white light source of the optical spectrum analyser for interrogation of the 
Bragg-sensor.  This very broadband light source has a relatively low light power and 
is liable to noise.  Further, because of the coupler, splices and connectors the light 
power is also attenuated when reaching the detector.  This means that the influence 
of noise can be of importance and thus the reflected spectrum won’t be of great 
quality.  But for the purpose of determining the temperature (or strain) dependence 
of a Bragg-sensor, only the shift of the peak wavelength is of importance, thus a 
spectrum with a clear distinct peak wavelength is wanted.  It is however also clear 
from the above figure that perturbations in the signal will lead to a certain variance 
in the determined peak wavelength. 
The quality of the measurements can be improved by mathematically filtering the 
optical signal.  The smoothening function used (in MathCAD) is based on the 
piecewise use of a symmetric k-nearest neighbour linear least square fitting 
procedure in which k is adaptively chosen.  On Figure 4.4 the Bragg-spectrum from 
Figure 4.3 recorded at 50°C is shown, as well as the mathematically filtered spectrum. 
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Figure 4.4: Originally recorded spectrum and mathematically filtered spectrum of a Bragg-sensor. 
Temperature dependence of the Bragg-sensor has now been calculated by 
determining the shift in Bragg-wavelength as function of temperature.  The variation 
in Bragg-wavelength, taken as peak wavelength of the originally reflected spectra, in 
function of temperature is shown on Figure 4.5.  A linear variation is obvious, but as 
could already have been expected from previous figures, the influence of noise on 
the spectra leads to large scatter of the measured data around the linear trend line. 
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Figure 4.5: Bragg-wavelength, determined from the originally reflected spectra, in function of temperature. 
Therefore two other strategies have been established in the determination of the 
Bragg-wavelength.  Bragg-wavelength has first been defined as the peak wavelength 
of the filtered spectrum, and secondly as the mean value of the two wavelengths at 
which the reflected power is half that of the maximum reflected power (this is 3dB 
less on a logarithmic scale).  This last strategy has been adopted, because the large 
influence of noise at (very) low optical power levels possibly leads to a slightly 
distorted spectrum (see also Figure 4.4).  The results of these calculations are shown 
on Figure 4.6.  The scatter in the data is diminished with respect to the data from the 
original, non-filtered, spectra.  The second strategy leads to the data-set with least 
scatter.  This because the first approach can sometimes suffer from too high scatter 
in the original signal leading to a distorted shape of the filtered spectrum. 
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Figure 4.6: Relative variation of Bragg-wavelength in function of temperature difference, with the Bragg-
wavelength determined first as the peak wavelength of the filtered spectra and second as the mean value of the 
wavelengths at which half of the peak optical power is reflected. 
Temperature dependence of a Bragg-sensor is described as (see equation (3.16)): 
( )f n T Tl a a bl
D
= + D = D  (4.1) 
The temperature coefficient b is calculated as the slope of the regression line on 
Figure 4.6, and is equal to 6,27 x 10-6 1/°C; this corresponds to a wavelength shift of 
~8,5 pm/°C. 
Similar results of a temperature test on another optical fibre Bragg-sensor are given 
in Figure 4.7.  Obviously there is less scatter in the signals compared with the 
previously described experiment; this is due to the fact that the optical power in 
these experiments was larger (the optical spectrum analyser had been calibrated and 
its light source replaced), diminishing the influence of noise, as can be seen on Figure 
4.8. 
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Figure 4.7: Relative variation of Bragg-wavelength in function of temperature difference, with the Bragg-
wavelength determined first as the peak wavelength of the original spectrum, second as the peak wavelength of 
the filtered spectra and third as the mean value of the wavelengths at which half of the peak optical power is 
reflected. 
The temperature dependence of the Bragg-sensor is now found to be b=6,7 x 10-6 
1/°C. 
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Figure 4.8: Typical reflected spectrum from a Bragg-sensor during a temperature test. 
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A last result of temperature tests performed using the remote test set-up is given in 
Figure 4.9.  The temperature coefficient of the Bragg-sensor is determined as 6,54 x 
10-6 1/°C. 
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Figure 4.9: Relative variation of Bragg-wavelength in function of temperature difference for a temperature test 
between 35°C and 60°C. 
The local test set-up has also been used for temperature tests on optical fibres with 
intracore Bragg-gratings.  Results of three tests have been summarized on one 
graph, Figure 4.10, in which the data for sensors 3 and 4 have been shifted by 0,0001 
and 0,0002 respectively for clarity.  The temperature coefficients for sensors 1, 2 and 
3 are, respectively, 6,19 x 10-6 1/°C, 6,24 x 10-6 1/°C and 6,20 x 10-6 1/°C. 
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Figure 4.10: Relative variation of Bragg-wavelength in function of temperature difference for three tests; data 
was recorded using the local set -up. 
4.1.3 Strain dependence 
The test set-up used for tensile loading of a bare optical fibre with intracore Bragg-
grating is depicted on Figure 4.11.  The fibre is wound multiple times around three 
bearing rings.  The two upper rings are fixed (rotation prevented) and the optical 
fibre is strained by hanging calibrated loads on the lower ring.  Due to friction 
between the fibre and the raw surface of the two fixed rings, the fibre is kept in 
place during loading. 
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Figure 4.11: Test set -up used for tensile testing of bare optical fibres. 
As was theoretically shown in the previous chapter a linear relationship between 
applied strain and relative wavelength shift exists.  An increase in axial strain should 
lead to a linear increase in Bragg-wavelength.  The increase in Bragg-wavelength is 
experimentally validated and shown on Figure 4.12. 
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Figure 4.12 : Axial tensile loading leads to an increase in Bragg-wavelength. 
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Mathematical filtering of the mean signal will further enhance the results.  This is 
shown on Figure 4.13, where the peak wavelength of the measured signal is 1308,841 
nm, the peak wavelength of the mean signal (as a result of averaging of eight 
spectra) is 1308,856 nm and this of the smoothed signal is 1308,847 nm. 
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Figure 4.13 : Enhancement of a recorded spectrum reflected by a Bragg-sensor, by calculating an average 
spectrum of eight spectra and by mathematical filtering of the mean signal. 
The results of a tensile test on an optical fibre with Bragg-sensor are summarized in 
Figure 4.14, where the calculated Bragg-strain is shown in function of the real applied 
strain.  The applied strain was calculated directly from the applied load as follows: 
22
F
E r
e
p
=  (4.2) 
with F the applied load, E the elasticity modulus of the optical fibre (E=72390 MPa 
[1]) and r the radius of the optical fibre’s cross section (r=0,0625 mm). 
The Bragg-strain can be deduced from equation (3.14) as: 
1
1 P
l
e
l
D
=
-
 (4.3) 
The factor 1-P can be determined by a least squares comparison between the 
applied strain and the Bragg-strain.  For the test shown on Figure 4.14 the value of 1-
P is equal to 0,76 (this is equal to approximately a shift of 1 pm/me  for a Bragg-
sensor with central wavelength around 1310 nm). 
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Figure 4.14 : Tensile testing of an optical fibre; calculated Bragg-strain in function of applied strain. 
Also shown, in full line, is the linear regression line obtained by a least squares 
fitting method of which the equation is stated on the figure, as is the statistical 
regression coefficient.  An excellent linear response of the Bragg-sensor to the 
applied strain is obvious.  The set-up has been used to calibrate a number of Bragg-
sensors, and all tests exhibited the same excellent linear response of Bragg-strain to 
applied load.  Results of a tensile test in which the optical fibre was loaded up to a 
strain value of 1% is shown in the next figure.  The relationship between applied 
strain and Bragg-strain remains excellently linear. 
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Figure 4.15: Tensile testing of an optical fibre up to a deformation of 1% strain; calculated Bragg-strain in 
function of applied strain. 
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The results of the tensile tests show clearly a much lesser degree of scatter when 
compared to the temperature tests conducted in the same test set-up and reported in 
the previous paragraph.  This has been found to be a result of, at first the lower 
optical power of the optical spectrum analyser and thus a higher degree of scatter in 
the Bragg-spectra, and in second place because of the limited resolution of the 
electronic thermometer used (somewhat better than 1 °C). 
The 1-P values determined from these experiments are perfectly equal (to the third 
significant number) to the values that were determined by the fabricant. 
4.2 SMALL LAMINATED COMPOSITE PLATES 
WITH EMBEDDED OPTICAL FIBRE BRAGG-
SENSORS. 
4.2.1 Autoclave technique as manufacturing process 
The composite beams used for these experiments were fabricated in an autoclave 
process, from prepreg composite, offered by SP Systems (England).  The autoclave 
technique found its origin in the aircraft and spacecraft industries where high-quality 
products – with high fibre volume fraction and low degree of porosities – are 
needed.  At this moment, the autoclave technique has reached high impact in large-
scale industrial applications notwithstanding the disadvantage of relatively large 
costs (due to the combination of expensive base materials, its labour-intensive 
character and long processing times).  Next to the aforementioned advantage of 
high-quality products there is the advantage of flexibility, in that it is possible to 
fabricate a wide variety of elements with possibly complex shapes. 
Prepreg is a form of composite material in which the reinforcing fibres are placed in 
a partially cured matrix; in this work a uni-directional carbon fibre reinforced epoxy 
matrix is used.  Prepreg is stored in a freezer at –18 °C to prohibit further curing of 
the epoxy matrix before the actual processing.  Several layers (lamina) are cut in the 
desired form from the prepreg such that the reinforcing fibres will have the wanted 
angle with respect to the border of the laminate.  The individual lamina are stacked 
in the right sequence, forming a laminate, and undergo curing (polymerisation of the 
matrix) in an autoclave.  Thereto they are placed in a vacuum bag in between several 
layers of fabrics and films as shown in Figure 4.16. 
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Figure 4.16: Lay-up of prepreg in between several layers for curing in an autoclave process. 
Steel tools are used to form the prepreg laminate into the desired shape (in this case 
a simple plate form).  The lowermost tool has built-in resistor elements as the 
heating elements.  The release films prevent the prepreg from sticking to the tool 
and together with the peel plies promote easy removal.  The bleeder fabric is used to 
absorb excess resin from the curing prepreg.  The thickness of this bleeder has to be 
carefully chosen because it greatly determines the quality of the end product.  Too 
much of this bleeder would lead to excessive resin removal and thus a ‘dry’ laminate 
with a possible large amount of voids in the material.  A too small bleeder layer, on 
the other hand, would have as a result that there is not enough flow of resin through 
the lamina, which is necessary for the physical consolidation of the lamina to a 
laminate.  The breather, which can be the same material of the bleeder, is needed to 
transport gases generated from the curing resin out of the autoclave.  The entire set-
up is put in a vacuum bag sealed by means of special sealing tape, and then placed in 
an autoclave to be cured.  The autoclave has initially been designed by professor 
Degrieck [2] but had to be partly rebuild [3]; an overview of the autoclave set-up is 
shown in Figure 4.17. 
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Figure 4.17: The autoclave set -up of the department of Mechanical Construction and Production.  In the 
front, the computer for steering and registration of temperatures and pressures can be seen.  Below the 
autoclave is situated the panel from which the cure cycle can be manually steered and on the right the external 
pressure lines with valves and transducers are visible. 
The parameters of the curing process have been studied such that the following 
three functions are optimally complied with: 
· The prepreg lamina have to be consolidated into one physical laminate of 
the desired thickness. 
· The resin has to be entirely hardened. 
· The amount of porosities has to be minimised. 
The cure cycle consists of a temperature cycle, a vacuum pressure cycle in the 
vacuum bag and a pressure cycle in the autoclave itself.  The entire process is 
schematically shown in Figure 4.18. 
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Figure 4.18: Autoclave cure process for the fabrication of composite elements from prepreg material. 
Initially, before the start of the temperature cycle, partial vacuum is applied in the 
vacuum bag.  This is needed for withdrawal of the porosities that can be included in 
between different layers of the prepreg.  These porosities consist of air bells 
included during the manual stacking of the lamina.  Air, water or volatile elements 
(such as solvents) can also be absorbed during fabrication or handling of the 
prepreg.  Volatile elements resulting from condensation reactions during the curing 
process are also possible initiators of porosities.  Temperature is then slowly built up 
(1°C/min.) making the viscosity of the resin to lower.  The optimal temperature of 
resin viscosity is 80°C and this temperature is kept constant for half an hour, making 
the resin to flow and the different layers to stick together.  At the same moment the 
pressure in the autoclave is raised up to 3,5 bar aiding the consolidation of the 
different layers; therefore this pressure is called the consolidating pressure.  This 
first temperature ‘processing window’ is called dwell zone.  After this the 
temperature is further increased up to 100°C at which it is kept for 4 hours.  During 
this period actual hardening of the laminate occurs; due to cross-linking the viscous 
resin is transformed into a thermal stable, stiff material. Vacuum pressure is 
removed after a time because the laminate already behaves as a stiff structure and 
there is no further possibility for removal of porosities.  The pressure in the 
autoclave is kept even after the temperature cycle is finished.  This is needed to 
prevent deformation of the laminate during cooling, due to thermal stresses. 
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The optimal form of the cure cycle was deduced from practical experience with 
other types of prepreg [2], study of literature, suggestions from the supplier [4] and 
further experimental optimisation.  A more extensive discussion is given in [5]. 
4.2.2 Fabrication of laminated beams with embedded optical fibre 
sensors 
The laminated beams have been fabricated by the autoclave technique described 
above; their lay-up is [02/902]s.  This notation should be understood as: the numbers 
0 and 90 indicate the angle of the reinforcing fibres with respect to the x-axis, taken 
positive when oriented from the x-axis to the y-axis; subscript 2 indicates the 
number of consecutive layers; and subscript s denotes a symmetrical lay-up with 
respect to the mid-plane (thus a total of 8 layers).  Before embedment (between the 
0° and 90° layers), the optical fibre is first smoothly cleaned (from traces of water, 
fat, … originated from contact by hands) with acetone to ensure good bonding to 
the prepreg layers.  After each layer is positioned, the layers are pressed by hand, 
especially in the neighbourhood of the optical fibres.  Due to its orientation and the 
applied pressure during the cure process, the optical fibre will be pushed into the 0°-
layer and local distortion of the composite material can be avoided. 
As mentioned in Chapter 2, a weak spot is the place where the optical fibre exits the 
prepreg material due to the large difference in stiffness between the flexible, though 
brittle, optical fibre and the very stiff composite panel.  There is a great risk that the 
optical fibre would break at this point during handling of the plate.  An interesting 
solution, certainly for industrial application, would be to embed the optical fibre 
with its connector in the composite element.  Only at the moment of measurements 
the optical fibre will be connected to the measuring apparatus, reducing the risk of 
damage to the optical fibre cable at construction phase or when in use.  On Figure 
4.19 a composite plate with embedded optical fibre and fibre connector is shown. 
 
Figure 4.19: Composite plate with embedded optical fibre and fibre connector, fabricated using the autoclave 
process. 
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Due to the intrusion of the connector, the composite plate is obviously heavily 
distorted.  Therefore this solution should clearly only be used at positions of the 
composite element that have no load-bearing function.  The optical connector is a 
so-called OptoClipII-type connector, which is not a common connector for 
telecommunication applications, but which is very robust; the optical fibre is 
protected from dust, making it ideally suited to be used in harsh environments.  The 
connector is embedded in a silicone form prior to embedment in the composite 
plate.  The form of the silicone was designed to have a smooth transition from the 
thickness of the connector (about 9 mm) to zero thickness.  A sharp transition 
would make the composite plate very prone to delaminations at this point, even by 
manual forces during connection to optical instrumentation.  It should be 
emphasized that the entire assembly has underwent the autoclave curing process, 
thus high temperatures and pressures.  A special plaster mould had to be fabricated 
that could be used as upper tool at the place of the embedded connector.  Due to 
the flexible nature of the silicone used, after a number of manual connections and 
disconnections the optical fibre broke at the place where it exits the silicone form 
and enters in between the prepreg layers.  The silicone material has therefore been 
replaced by a foam material.  After the two components of the foam are mixed, it 
hardens to a very stiff but light material.  Another improvement compared to the 
silicone, is a better binding with the epoxy matrix of the prepreg inherent to its 
structure.  This indeed leaded to a more robust connection point.  The most 
important drawback of the proposed solution is the divergence from the flat 
structure, which for some practical applications is impossible. 
Therefore a second technique has been investigated in which the flat structure of 
the composite element is retained.  The proposed technique exists in a gradual 
transition of stiffness from the very stiff composite to the flexible optical fibre.  This 
can be established by gradually decreasing the number of prepreg layers around the 
optical fibre.  Hereby the composite becomes more and more flexible towards the 
exit point.  A practical realisation of the technique described is shown in Figure 4.20. 
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Figure 4.20: Composite plate with embedded optical fibre. 
The optical fibre is put in a plastic sleeve for further protection; this sleeve is also 
embedded in the composite panel, but only in the transition zone.  The proposed 
technique is simple though very robust in nature. 
It should be stated first that for the composite plates used in the laboratory 
experiments, no special supply at the exit point of the optical fibre was applied.  The 
technique proposed in Figure 4.20 is preferred but would greatly alter the bending 
stiffness of the small composite plate; therefore the bare optical fibre (with acrylate 
jacket) exits the plate, a plastic sleeve is pushed over the fibre in close contact with 
the composite plate and at that point sealed with silicone. 
4.2.3 Feasibility-study of embedded optical fibre sensors and the 
FOGSI demodulation instrument through three-point bending tests 
This paragraph discusses three-point bending tests on small composite laminated 
plates.  These experiments were intended as a feasibility-study for the application of 
optical fibre Bragg-sensors for the monitoring of the mechanical behaviour of 
composite elements.  The bending tests are performed on a universal testing 
machine INSTRON 4505, completely steered by computer.   Bragg-signals are read 
out in a local set-up, thus using the commercial demodulation unit FOGSI 
FLS3100.  An overview of the test set-up is given on Figure 4.21. 
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Figure 4.21: Overview of test set -up used for three-point bending tests on small composite laminated plates.  
Tests are conducted using a computer steered universal testing machine and Bragg-signals were recorded with a 
commercial demodulation unit FOGSI FLS3100. 
A more detailed view on the actual specimen dimensions and its support are given 
in Figure 4.22.  The actual specimen dimensions are: a length of 250 mm, 30 mm in 
width and a thickness of 2 mm.  The span, this is the distance between the supports, 
is varied between 160 mm and 220 mm in steps of 10 mm and the load is applied at 
mid-span.  The supporting and load-applying bearings consist of steel rods with a 
diameter of 10 mm.  The stacking sequence of the composite laminate is [0/15/-
15/90]s.   
It is also shown that the optical fibres were embedded between the layers 0° and 
+15° along the 0°-direction; the Bragg-sensor is located approximately at mid-span.  
All tests have been performed with the optical fibre sensor loaded in tension as well 
as in compression. 
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Figure 4.22: Overview of the dimensions of the composite plates used during three-point bending tests. 
In contrast with a 4-point bending set-up – see next paragraph -, this arrangement 
thus not provide a constant moment and thus gives a varying axial strain along the 
length of the fibre.  This will cause a so-called chirped grating – with varying grating 
period – resulting in a broadening of the reflected spectrum.  At first it should be 
emphasized that a pure broadening of this spectrum would allow to determine the 
peak wavelength, but have as result that the resolution with which the peak 
wavelength is detected will decrease.  Due to the relatively large dimensions of the 
Bragg-grating (10 mm long) with respect to the span length, the strain at the 
beginning and at the end of the grating would be around 5% lower.  Lower strain 
means lower grating period and thus smaller reflected wavelengths, which means 
that the spectrum will broaden towards shorter wavelengths, or even give rise to 
distinct peaks in the back-reflected spectrum [6].  Only an analytical study of the full 
spectrum back-reflected from the sensor would allow gathering information on the 
strain subjected to the grating.  This is impossible when only the peak wavelength of 
the grating is extracted as is done by the demodulation instrument used in these 
experiments.  Therefore the intention of these tests was merely to examine the 
feasibility of a Bragg-sensor and the commercial demodulation instrument in view 
of stability and repeatability of the measurements, by use of a fully controllable test 
set-up.  In fact these experiments were the first conducted with the FOGSI-
apparatus. 
During the tests, the applied load and the extension of the supporting block of the 
machine were continuously monitored and recorded using the steering computer of 
the test machine.  Tests were conducted at a speed of 5 mm/min.  Two examples of 
recorded force histories are shown on Figure 4.23.  It can be seen that the force 
grows quite linearly during the tests, indicating nearly linear elastic behaviour of the 
composite laminate.  Of course, the force needed for the same deflection is higher 
in the case of a shorter span length. 
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Figure 4.23: History of force versus time during three-point bending tests for two different span lengths. 
The Bragg-wavelengths were recorded at an approximate rate of 40 Hz, on a 
separate computer with data-acquisition board.  The results of three-point bending 
tests with the embedded optical fibre sensor subjected to tensile stresses are 
summarized on Figure 4.24.  Shown is the increase in Bragg-wavelength in function 
of time.  The graphs show the raw data, thus no mathematical filtering or 
smoothening is applied. 
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Figure 4.24: Overview of results of three-point bending tests on composite specimen with embedded optical 
fibre sensor subjected to tensile stresses, for varying length of the span.  All tests were conducted at the same 
‘deflection speed’. 
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It can be immediately noted that at the beginning and at the end of each experiment, 
when the composite laminate is unloaded, the Bragg-wavelength goes back to its 
initial value in unloaded state.  The variation in wavelength is restricted to a value of 
approximately 5 pm as shown on a detailed view on Figure 4.24, which is the 
accuracy of the measurement device as stated by the manufacturer.  Mathematical 
smoothening of the data indicates the same Bragg-wavelength for all experiments.  
All seven curves on Figure 4.24 also show a close to linear increase in Bragg-
wavelength with respect to the time of the experiments, as did the load.  The 
deviation of the linear behaviour increases towards the end of the experiments and 
is more pronounced for the shorter spans.  This could logically be expected because 
the imposed deflection, more than 3 mm (thus greater than the plate thickness), will 
cause large strains outside the linear elastic region.  Evidently, the measured 
wavelength should be greater for a shorter span length when the same deflection at 
the loading point is imposed, because a larger increase in Bragg-wavelength 
corresponds with a larger strain increase.  This can indeed be clearly deduced from 
the slope of the graphical presentation of the experimental results. 
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Figure 4.25: Detail of one of the experiments shown in Figure 4.24. 
Results of three-point bending tests on a composite laminated plate with the Bragg-
sensor subjected to compressive stresses are shown in Figure 4.26.  Again the 
measured wavelengths return almost perfectly back to the initial value once the load 
is removed.  In one experiment the mean value of the Bragg-wavelength in 
unloaded condition is about 4 pm greater than for the other experiments where the 
mean values are perfectly the same.  The slopes of the graphs again indicate the 
expected mechanical behaviour of the plate, i.e. a larger increase in Bragg-
wavelength for shorter span lengths when an equal deflection rate is imposed. 
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Figure 4.26: Overview of results of three-point bending tests on composite specimen with embedded optical 
fibre sensor subjected to compressive stresses, for varying length of the span.  All tests were conducted at the 
same ‘deflection speed’. 
The non-linear character of the curves is more pronounced than in the previous 
experiments.  This was not the case for the load versus time graphs, as shown in 
Figure 4.23.  The reason for this higher degree of non-linearity is probably the very 
close proximity of the sensor to the load-applying bearing and the consequent 
distortion of the sensor’s back-reflected spectrum due to chirp of the Bragg-grating 
(as mentioned earlier) and due to influence of transverse stress (see Chapter 8). 
A further confirmation of the absoluteness and repeatability of the Bragg-
measurement technique has been done by performing repeated experiments.  Figure 
4.27 shows results of repetitive tests conducted at three different span lengths.  
Tests were conducted with a few days time difference, meaning that the 
demodulation instrument has been shut off and the optical fibres disconnected from 
the instrument.  The correspondence of the graphs is clear! 
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Figure 4.27: Three-point bending tests on a composite laminate with embedded optical fibre sensor subjected 
to tensile stresses, for two different span lengths. 
Stability and repeatability of the embedded Bragg-sensors in combination with the 
demodulation instrument is clearly demonstrated.  A quantitative evaluation of the 
strain readings follows in the next paragraph. 
4.2.4 Strain measurement during simple four-point bending tests. 
The previous paragraphs have shown that Bragg-sensors could possibly be perfect 
alternatives to classical resistance strain gauges; the dependence of the Bragg-
wavelength has been shown to behave in a near perfect linear way with respect to 
applied load.  The optical fibres can fairly easily be embedded in composite 
laminated elements.  Preliminary experiments indicated a very good response of 
embedded Bragg-sensors to mechanical loading of the composite elements.  It was 
also shown that the response of Bragg-sensors allows for absolute measurements.  
The following step in this study is the calculation of strain via recorded Bragg-
wavelengths and the comparison with the real strain in the laminate. 
The stacking sequence of the laminate used in this study was again chosen as 
[0/15/-15/90]s.  Different from the composite plates used in the previous 
paragraphs, the optical fibres are embedded parallel to the length of the laminate 
between the layers with reinforcing fibres oriented +15° and –15°.  In a previous 
chapter it has been shown that embedment of the fibre between a 0°-layer and a 
layer with different orientation has as a result that the optical fibre is partly pushed 
in the 0°-layer.  In this case this would mean that the optical fibre (with a diameter 
of 125 mm) would come too close to the surface of the laminate (thickness of the 
layers approximately 250 mm), making it possibly prone to mechanical loading on 
the surface.  The part of the optical fibre with the inscribed Bragg-sensor is 
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positioned in the middle of the length (and width) of the plate.  The tests were 
performed using the specially designed test apparatus shown on Figure 4.28.  The 
composite plate is placed on two identical bearings (needle bearings with a diameter 
of 20 mm) and loaded by means of a manual driven system applying symmetrical 
load again by means of two similar bearings.  The deflection of the plate is measured 
at mid-span by means of a calibrated LVDT, and the Bragg-wavelength is measured 
by means of the remote set-up.  The dimensions of the plate are 200 mm in length, 
30 mm in width, thickness of 2,1 mm; the distance between the supporting bearings 
is maximum 160 mm and the distance between the load-applying bearings is 40 mm 
symmetrically positioned around mid-span. 
 
Figure 4.28: Simple, manual driven, test apparatus for performing four-point bending tests on small 
composite plates. 
Because of the relatively small width of the composite plate the classical beam 
theory can be used (with reasonable approximation) for calculation of the strains in 
the composite plate.  Further the deflection of the plate will be kept in the order of 
its thickness (maximum bending deflection was 3 mm) such that the linear elastic 
theory can be used.  Four-point bending tests were chosen because they cause a 
constant moment M between the load points.  In this way, an almost pure axial 
loading of the optical fibre sensor, with a constant value along its length, will be 
obtained.  The strain e xx of the composite material is linearly related to M according 
to: 
xx
My
EI
e
-
=  (4.4) 
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with y the distance of the considered point to the neutral axis of the beam and EI 
the global bending stiffness of the laminate.  In the case of four-point bending the 
expression for M at mid-span is: 
2
( )
2x l
Q l a
M =
-
=  (4.5) 
in which Q is the applied load in each load point, l is the span of the plate and a is 
the distance between the loading positions. 
The deflection of the plate at mid-span can be expressed as: 
( ) ( )2 2
2
2 2
48x l
Q l a l al a
u
EI=
- + -
=  (4.6) 
such that combination of equations (4.4), (4.5) and (4.6) yields to the following 
relationship between deflection at mid-span and bending strain in this cross-section: 
2 2
24
2 2xx
yu
l al a
e =
+ -
 (4.7) 
The plates were loaded stepwise and at each step one spectrum was recorded 
together with the deflection of the plate at mid-span.  Again the recorded spectra 
were further mathematically smoothened before the Bragg-wavelength was 
extracted.  Bragg-strains are calculated according to equation (3.14), with P = 0,2586.  
Three experiments have been performed.  In the first two experiments, the optical 
fibre with Bragg-sensor is subjected to tensile stresses and the span of the beam is 
160 mm.  Substituting the values y=-0,525 mm, a=40 mm and l=160 mm in equation 
(4.7) gives 30,202 10xx ue
-= - × × .  Another experiment has been performed with 
the optical fibre sensor subjected to compressive strain and with the span of the 
beam equal to 150 mm; then 30,227 10xx ue
-= × × . 
A typical recorded spectrum and the mathematically smoothened spectrum are 
shown in Figure 4.29, showing a relatively smooth recorded spectrum thanks to the 
averaging of 10 spectra.  The optical power is obviously larger than in previously 
reported experiments.  This is due to the fact that the light source of the optical 
spectrum analyser had been replaced with an ELED (edge light-emitting diode), 
with a central wavelength around 1310 nm, for these experiments.  The results of 
the experiments conducted are summarized on Figure 4.30, Figure 4.31 and Figure 
4.32. 
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Figure 4.29: Typical recorded spectrum during four-point bending testing of composite plates and the 
mathematically filtered signal. 
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Figure 4.30: Results of a four-point bending test on a composite laminate with a span of 160 mm and with 
the Bragg-sensor subjected to tensile strain. 
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Figure 4.31: Results of a f our-point bending test on a composite laminate with a span of 150 mm and with 
the Bragg-sensor subjected to compressive strain. 
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Figure 4.32: Results of a four-point bending test on a composite laminate with a span of 160 mm and with 
the Bragg-sensor subjected to tensile strain. 
All experiments show again a perfectly linear relation between the applied strain, 
calculated from the deflection of the specimen, and the calculated Bragg-strain.  The 
Bragg-strains are approximately 1 to 2 % greater than the applied strain.  This 
difference can be attributed to the uncertainty of the correct position (y-value) of 
the optical fibre Bragg-sensor and the (small) lateral stresses on the fibre.  In the 
calculations it was assumed that the fibre was perfectly positioned at a distance from 
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the neutral axis equal to one fourth of the total thickness.  However, it is not 
unlikely that due to the high pressures involved in the curing process, the position 
of the fibre has slightly changed.  Supposing that the fibre is pushed by only one 
hundredth of a millimetre further away from the neutral axis, this would have a 
nearly perfect 1:1 relationship as result! 
Clearly, optical fibre Bragg-sensors can be ideally used as internal strain gauges in 
composite laminates. 
4.2.5 Vibration tests on a simple composite laminate 
4.2.5.1 Preliminary experiments for dynamic strain monitoring 
The FOGSI-apparatus is able to capture data at a rate of 1 kHz.  It thus allows 
performing tests with a dynamic character.  The first attempts for dynamic 
monitoring have been performed by means of impact tests.  Other dynamic 
experiments will be illustrated in paragraph 7.1.5.  In the following paragraphs we will 
denote these experiments as impact or vibration tests.  The very first experiments 
conducted, existed of loading a composite laminate clamped at one side with an 
impact force by means of mechanical tools (performed as light ticks).  The signals 
from the Bragg-sensors, read out in the local set-up, were recorded by means of a 
digitising oscilloscope (Tektronix TDS420A).  The sample rate of the oscilloscope 
was 1 kHz; as will be discussed later this should allow a good resolution of the 
sampled signal.  A typical recorded Bragg-strain signal is shown on Figure 4.33 where 
a composite laminated plate has been loaded by consecutive impacts by means of a 
mechanical tool.  A detailed view on the first part of this recorded signal is shown in 
Figure 4.34.  Seven impacts have been conducted within the time range of 1 second!  
Every impact sequence can be clearly distinguished within the sample record.  
Moreover, after the impact follows a period of free vibrations of the clamped plate.  
These free vibrations decay in time and are very smoothly recorded as will be clear 
on further figures. 
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Figure 4.33: Vibration test of a small laminated composite plate by means of a several impacts using a 
mechanical tool. 
5.8 6.0 6.2 6.4 6.6 6.8 7.0
Time (s)
-100
0
100
200
300
B
ra
gg
 s
tr
ai
n 
(m
e)
 
Figure 4.34: Detailed view of Figure 4.33. 
More than 20 such experiments have been performed on the same specimen 
without special attention on the boundaries of the experimental test set-up, nor the 
position and amplitude of the impact.  The frequencies of the free oscillations 
following the impact tests have been determined by means of the ‘Fast Fourier 
Transformation’ (see next paragraph for a more detailed discussion).  The results 
hereof, with a resolution of only 0,2 Hz, are summarized in Figure 4.35.  A more or 
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less descending trend in the eigenfrequency versus experiment number can be seen 
and is indicated by the linear trend line.  It should be stated that this linear trend line 
does not indicate the real variation in bending stiffness, but it is merely used as a 
visual aid.  The descending trend in frequency could be expected because the 
eigenfrequency of a beam-like element is theoretically given by [7]: 
3
1 3
2
EI
f
mlp
=  (4.8) 
where EI is the bending stiffness, m the mass per unit of length and l is the length of 
the clamped plate.  The bending stiffness of the composite element will decrease 
under influence of imposed damage, and thus a decrease in the frequency of the free 
oscillations (which are in fact bending vibrations) can indeed be expected. 
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Figure 4.35: Variation of the eigenfrequency of a composite laminated plate in function of time after a 
number of successive impact tests. 
These preliminary results indicate that an embedded Bragg-sensor could be used in a 
dynamic test set-up for the assessment of the global degree of damage of a 
composite element.  Thereto the experimental test set-up has to be refined and a 
more accurate extraction of the eigenfrequencies should be established.  This is 
discussed in the following paragraphs. 
4.2.5.2 Analysis of data-records of vibration tests 
Extraction of the frequency of a digitised oscillating signal is in general done by 
means of a Fast Fourier Transform (FFT) of the discrete data.  Fourier’s theorem 
states that any discrete waveform in the time domain can be represented by a 
weighted sum of sines and cosines.  The same waveform can then be represented in 
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the frequency domain as a pair of amplitude and phase values at each component 
frequency. 
According to Shannon’s sampling theorem, the highest frequency (Nyquist 
frequency fN) that can be analysed is fN=fs/2, where fs is the sampling frequency.  
Any analogue frequency greater than fN after sampling appears as a frequency 
between 0 and fN.  Such a frequency is known as an alias frequency.  During the 
experiments discussed hereunder, the sampling rate is set to 1 kHz to omit the 
presence of such alias frequencies in the recorded signal (the previous experiments 
have shown that frequencies beneath 100 Hz are expected). 
The result of a “fast” Fourier transformation is a vector containing the following 
elements: 
1
2 ( )
0
n
i j n k
j k
k
c s e p
-
=
= å  (4.9) 
wherein si are the components of the discrete data-set, n is the number of recorded 
samples (a multitude of 2 is required for the fast transformation algorithm) and j is a 
number from 0 to 2n-1.  The elements cj obtained by the FFT-function correspond to 
the different frequencies.  The actual frequencies fk can be calculated as: 
k s
k
f f
n
=  (4.10) 
in which fs is the sampling frequency.  It can be noticed that the resolution of the 
recovered frequencies is dependent not only on the sample frequency, but also on 
the number of samples taken (thus the total time of the experiment).  In the 
following paragraphs, datasets of approximately 2000 points sampled at a frequency 
of 1 kHz will be used for extraction of the eigenfrequency of the clamped plate.  
This would mean that the frequency could only be determined with a resolution of 
0,48 Hz.  It will be seen from the obtained results that this is inaccurate for 
detection of low damage levels.  At frequency levels between 60 Hz and 80 Hz a 
drop in eigenfrequency of 0,5 Hz leads to a drop in bending stiffness of 
approximately 1,5 % (calculated by means of equation (4.8)). 
A way to increase the resolution of the eigenfrequency extraction is enlargement of 
the record length to increase the number of samples by the addition of extra zeroes 
at the end of the dataset.  This however can result in discontinuities at the 
boundaries, and would have as result that the energy from the actual frequency in 
the sampled data is smeared out to all other frequencies (spectral leakage); the 
amount of which is dependent on the amplitude of the discontinuity.  To reduce 
spectral leakage, a technique called ‘windowing’ has been applied.  This technique 
consists of multiplying the time-domain signal by another time-domain waveform, 
known as window, which amplitude tapers gradually and smoothly towards zero at 
the edges.  The result is a windowed signal with very small or no discontinuities.  A 
Strain monitoring of simple composite laminates 
159 
commonly used ‘window’ is the so-called Hanning window [8].  This has been 
established by programming an algorithm in LabVIEW, which has a library of 
functions suited for frequency analysis.   
Before the entire algorithm is applied, the recorded signal has first been filtered 
using a low-pass Butterworth filter, removing possible influence of higher 
frequencies (e.g. due to noise or harmonics of the fundamental eigenfrequency). 
4.2.5.3 First series of conditioned tests 
A dynamic impact test used for assessing the global state of a composite structural 
element should evidently induce the least possible damage by itself; i.e. a non-
destructive testing technique is required for a further optimal functioning of the 
composite.  A series of six consecutive impact tests have been performed to analyse 
the imposed damage by the drop weight.  During these experiments a steel impactor 
of 52,73 g has been dropped on the composite laminate from 1 m height; thus an 
impact with energy of 0,5 J is imposed.  During its flight, the impactor is guided in a 
plastic tube.  The composite plate is now clamped at one side in a very rigid steel 
structure.  In this way the position and amplitude of the impact are well 
conditioned, as well as the boundary conditions of the composite plate.  A 
schematic representation of the experimental test set-up is given in Figure 4.36. 
 
Figure 4.36: Schematic overview of the test set -up used for conditioned vibration tests of a composite laminate. 
From all six consecutive impact tests the fundamental vibration frequency has been 
extracted by means of the algorithm described in paragraph 4.2.5.2.  A typical 
recorded dataset (this of the first experiment) is shown in Figure 4.37.  After the 
initial impact follows a time decaying free oscillation of the plate. 
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Figure 4.37: Recorded data during vibration experiment; shown is the variation of measured strain in 
function of time. 
A more detailed view near the moment of impact is shown in Figure 4.38.  The 
moment of impact is clearly visible and has a total duration of approximately 17 
milliseconds.  After this impact a period of very smooth periodic free oscillations 
follows; these are clearly visible in the recorded signal for more than 5 seconds!  The 
figure also indicates the discrete data points recorded.  The impact and resulting free 
oscillations are sufficiently smoothly represented by the digitised signal. 
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Figure 4.38: Detail of the data-set shown in Figure 4.37.  The moment of impact is shown with the resulting 
free vibrations of the composite laminated plate. 
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The eigenfrequency is extracted using the frequency analysis using LabVIEW as 
discussed above.  The first three cycles of the free oscillations are omitted because 
these could still contain the impact ‘tail’.  The oscillations during the following two 
seconds are used for determination of the eigenfrequency.  The history of the 
determined eigenfrequency of the oscillating plate is shown in the next figure.  A 
perfect decreasing trend in the calculated values is visible; the variation in 
eigenfrequency is limited to only 0,04 Hz – from 76,57 Hz to 76,53 Hz – indicating 
that indeed very limited damage is applied to the composite plate during the drop 
weight impact test.  Application of equation (4.8) learns that this decrease in 
eigenfrequencies would be caused by a decrease in bending stiffness of 0,1 % and 
this after six consecutive impacts. 
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Figure 4.39: Variation of eigenfrequency for six vibration tests. 
4.2.5.4 Second series of conditioned vibration tests 
For these experiments, a similar test set-up as the one in the previous paragraph was 
used, but now the length of the clamped plate is 200 mm.  No less than 80 
consecutive impact tests have been conducted.  Each fifth experiment has been 
recorded, and has been analysed.  The first experiment recorded is entirely shown 
on Figure 4.40 and a more detailed view is given in Figure 4.41.  The same 
conclusions as in the previous paragraph can be drawn about the quality of the 
signals.  The signals in these experiments clearly reflect higher amplitudes of strain 
during and after impact.  This is caused by the fact that for this composite specimen 
the position of the Bragg-sensor is chosen closer to the clamped end, and it thus 
evidently undergoes higher strains under equal load.  The duration of the impact is 
approximately the same as for the experiment shown in the previous paragraph, 
namely 19 milliseconds. 
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Figure 4.40: Recorded data during vibration experiment; shown is the variation of measured strain in 
function of time. 
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Figure 4.41:  Detail of the data-set shown in Figure 4.40.  The moment of impact is shown with the 
resulting free vibrations of the composite laminated plate. 
An overview of the change in eigenfrequency of the composite specimen in 
function of time (experiment number) is given on Figure 4.42. 
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Figure 4.42: Variation of eigenfrequency for a series of vibration tests. 
A sudden deviation from the expected behaviour can be seen near experiment 50, 
where the eigenfrequency of the composite plate suddenly increases (by 0,05 Hz) 
after it has been impacted 5 times.  It is of course impossible that the global 
condition of the composite plate would become better after it has undergone 5 
consecutive impacts.  The remainder of the experiments again shows the expected 
tendency of decreasing eigenfrequency.  Possibly this distortion can be attributed to 
a slight change of the specimen in the clamp by an accidental manual hit.  A 
shortening of the free length of the plate of 0,05 % (this is only 0,1 mm!) would 
have this sudden increase as a result.  A total decrease of 0,6 Hz, corresponding with 
a decrease in bending stiffness of 2 %, resulted from the experiments. 
It can thus be concluded that the measurements from the ‘localized’ Bragg-sensor 
are able to give a very good indication of the ‘global’ condition of the composite 
plate. 
4.3 CONCLUSIONS 
Several aspects concerning the feasibility of Bragg-grating sensors as embedded 
mechanical strain sensors have been studied in this chapter.  At first it has been 
shown that the wavelength of the light back-reflected from the Bragg-grating has a 
linear dependence on the axial strain to which it is subjected.  Optical fibres have 
been successfully embedded into composite laminates and were able to withstand 
the harsh environment of the fabrication process.  It was shown that an embedded 
Bragg-sensor is ideally suited to be used as strain sensor, in terms of absoluteness 
and repeatability of the measurements.  Measured Bragg-strains compared very well 
to theoretical values calculated from deflection measurements during four-point 
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bending tests.  Finally the possibility of dynamic measurements has been shown and 
a possible application towards the global damage assessment of composite elements 
has been illustrated.  Worth mentioning is also the fact that part of the experiments 
have been conducted in a remote test set-up making the technique interesting for 
industrial applications. 
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CHAPTER 5  
 
BENDING BEHAVIOUR OF A 
COMPOSITE PLATE SUBJECTED TO 
OUT-OF-PLANE LOADING 
The feasibility of Bragg-sensors as strain gauge has been 
demonstrated in the previous chapter by means of tensile tests on 
bare optical fibres with intracore Bragg-grating and during bending 
experiments on laminated composite beams.  In this chapter 
multiple Bragg-sensors are embedded in a more common structural 
element, i.e. a plate. The possibility of weight detection and 
localisation by means of this structural element is demonstrated.   
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5.1 DESIGN OF A LAMINATED COMPOSITE PLATE 
5.1.1 Some design considerations 
Two intentions form the basis of the design of the composite plate used in this 
chapter.  At first, the concept of a plate was chosen, as it represents a commonly 
used structural element; a composite plate is in fact a structural element that finds 
wide application as building component of aeroplanes, boats, …. Second goal was 
to develop a scale model of an instrument (the plate with embedded sensors) that 
could for example be used to monitor crossing traffic (in terms of weight 
classification).  Goal is to determine the mass posed on the plate as well as its 
position.    That composites are ideal materials to be used for the fabrication of 
plates subjected to bending can be concluded from the ‘material selection charts’ 
shown in Figure 5.1 and Figure 5.2. 
 
Figure 5.1: Material selection chart E1/3/r , criterion for bending of plates [1]. 
In Figure 5.1 the Young’s modulus versus the density of several materials is 
presented.  Some guidelines for material selection (based on minimum weight) are 
indicated by the dashed lines.  The guideline E1/3/r is to be used as design criterion 
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for plates subjected to bending.  The most optimal values of this factor are obtained 
for materials in the left upper corner of the graph, i.e. these materials exhibit the 
highest plate stiffness relative to their density.  Materials with equal properties are 
located on lines parallel to the drawn reference line.  It seems that composite 
materials are indeed valuable materials when high stiffness is required in 
combination with low mass. 
 
Figure 5.2: Material selection chart: sf1/2/r , criterion for initiation of damage of plates [1]. 
Figure 5.2 shows the strength versus the density of several materials.  With strength 
is meant, in the case of metals the yield stress (sf) at which a permanent strain of 
0,2% occurs, and for plastics the stress at which the relation between stress and 
strain becomes non-linear with a permanent strain of 1%.  This material selection 
chart is thus a good indicator for the selection of light but strong components.  The 
factor sf1/2/r is to be used as a design criterion for initiation of damage of plates 
subjected to bending.  Again it is clear that composite materials are ideally suited for 
such applications. 
The stacking sequence chosen is [0/+15/-15/90]s, and the dimensions of the scale 
model will be restricted by the dimensions of the autoclave (maximum 600 mm by 
210 mm) and are therefore chosen as 210 mm by 210 mm. 
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5.1.2 Mathematical simulations of the bending behaviour 
Some mathematical simulations have been performed to search for an optimal 
position of the optical fibre sensors.  It was presupposed that four optical fibre 
sensors would be embedded in the composite plate.  As described above it was our 
goal to determine three unknowns (imposed load and its coordinates), so that at 
least three independent measurements have to be taken.  A fourth sensor can be 
used as back-up in the case that another is broken.  In order not to create too much 
disturbance of the host material it was chosen to place the optical fibres in pairs in 
between the layers 0° and +15° at the top and at the bottom of the plate, oriented 
following the +15° direction (see further for more details).  Simulations have been 
performed using a finite-element software package SAMCEFTM, and have been 
compared with numerical methods based on the classical laminate theory and 
programmed in the mathematical software package MathCADTM.  These 
MathCADTM-calculations will not be discussed in this text, an extensive overview 
can be found in [2].  
5.1.2.1 Mechanical properties 
At this moment the elastic properties of the composite material used was not 
known; it was nor given by the supplier, nor yet known from mechanical testing.  
Therefore an assumption has been made based on a comparative study of data in 
literature.  A summary of values found in literature for elastic and strength 
properties of several graphite/epoxy composite materials is given in Table 5-1. 
Table 5-1: A summary of values found in literature for elastic and strength properties of several 
graphite/epoxy composite materials. 
   [3]1 [3]2 [3]3 [4] [5] [6]4 [6]5 
  r [kg/m³]  1580 1600 1580 1525 1600 / / 
Longitudinal tension [MPa] 1240 1500 2280 1400 1450 1502 1362 Strength 
properties Longitudinal compression [MPa] 1240 1500 1140 800 1450 1502 1084 
  Transverse tension [MPa] 41 40 57 71,9 50 / / 
  Transverse compression [MPa] 170 246 228 132.2 205 / / 
  In-plane shear [MPa] 80 68 71 60 95 / / 
  Interlaminar shear [MPa] / / / 40 / / / 
Longitudinal modulus [GPa] 145 181 142 119,13 138 181 140 Elastic 
constants Transverse modulus [GPa] 10 10,3 10,3 8,85 8,96 10,3 9 
  Shear modulus [Gpa] 4,8 7,17 7,2 5,5 7,1 / / 
  Major Poisson's ratio [-] 0,25 0,28 0,27 0.306 0,3 / / 
Longitudinal tension [%] 0,9 0,83 1,5 1 / / / Failure 
strains Longitudinal compression [%] 0,9 0,83 / 0,8 / / / 
  Transverse tension [%] 0,4 0,39 0,6 0,7 / / / 
  Transverse compression [%] 1,6 2,39 / 2 / / / 
  In-plane shear [%] 1,6 0,95 / / / / / 
1: HS graphite/epoxy  -  2: Standard graphite/epoxy T300/5208 
3: Standard graphite/epoxy AS4/3501-6  -  4: Graphite/epoxy T300/520 
5: Graphite/epoxy T300/PR313 
Bending behaviour of a composite plate subjected to out-of-plane loading 
169 
Some simple tensile tests on small composite plates made from the same material 
have been performed on a universal tensile testing machine INSTRON 4505 in 
order to get some indicative values in the choice of the elastic properties.  The 
physical dimensions of the plates used in the tensile tests are shown in Figure 5.3. 
 
Figure 5.3: Physical dimensions of the composite specimens used in the tensile tests.  Also indicated are the 
direction of the reinforcing fibres, the loading direction and the clamped zones. 
The mean longitudinal tensile strength of the composite material is determined to be 
approximately 1500 MPa, and the transverse tensile strength is approximately 15 
MPa.  The large difference is logically due to the fact that for the [04]-plates the load 
is entirely supported by the reinforcing carbon fibres, and for the [904]-plates the 
load is entirely transferred to the much weaker matrix material.  This can also be 
seen from the damage patterns on Figure 5.4.  On the left the specimens with a lay-
up of [904] are shown, which clearly break in the matrix material parallel to the 
reinforcing fibres, and on the right the specimens with a lay-up of [04] are shown 
where final fracture occurs due to fibre fracture.  The specimens with lay-up [904] 
did all break at the machine clamps due to the abrupt discontinuity in stress and 
geometry. 
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Figure 5.4: View on some broken small composite plates used in the tensile tests.  On the left the composite 
plates with a lay-up of [904] are shown and on the right these with a lay -up of [04] are shown. 
Longitudinal and transverse strain cannot unambiguously be calculated from the 
displacement of the clamps of the testing machine due to setting of the clamps and 
slipping of the specimens in the clamps.  Due to the fact that the applied load in the 
case of [904] is very small these effects will be almost negligible in this case and the 
strain values have been determined.  They indeed showed to be repetitive and thus 
fairly representative for the material.  A mean value of 0,48 % has been calculated.  
The influence of the above mentioned interfering factors was obvious from the 
large scatter in similar calculations of longitudinal strain. 
Based on the obtained values as a result of these tensile tests, the mechanical 
properties represented in bold in Table 5-1 were chosen for the simulations 
conducted in the finite-element-calculations. 
5.1.2.2 Finite-element-calculations 
As mentioned, the finite-element-calculations have been performed using the 
commercial package SAMCEFTM.  Composite element types in SAMCEFTM can 
reflect non-linear behaviour of composite laminates.  The so-called element type 
T25 has been used, which represents isoparametric volume and wedge elements and 
takes into account effects of transverse shear. 
Several positions of a point load of 100 N have been modelled to calculate the 
corresponding strains in the +15°-layer where the optical fibre sensors would be 
located.  Taking into account that the demodulation instrument (FOGSI FLS3100) 
has a precision and a resolution of 5 me  and 1 me  respectively, one can look for the 
optimal positions of the fibre sensors to detect concentrated loads located at several 
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positions.  Most difficulties can be expected for concentrated forces located near the 
corners of the plate.  The results of two simulations for this case are shown in Figure 
5.5 and Figure 5.6.  In the case of a plate simply supported at two opposite edges 
oriented along the 90° direction, the (significant) strains are spread over a larger area 
of the plate.  For the plate supported at four edges, the strains diminish faster as the 
distance to the point of application becomes bigger.  This is due to the influence of 
the boundaries. 
 
Figure 5.5: Pattern of the strains in the lowest +15°-layer when a load of 100 N is positioned in the lower 
left corner and the plate is simply supported at four edges. 
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Figure 5.6: Pattern of the strains in the lowest +15°-layer when a load of 100 N is positioned in the lower 
left corner and the plate is simply supported at two opposite edges. 
As already mentioned, the case of point loads in the neighbourhood of a support is 
the most critical because they lead to the smallest strain values for the same load 
level.  Therefore the sensors should be located near the corners of the plate, 
certainly for a plate supported at its four sides.  This positioning strategy is indicated 
on Figure 5.7 by the black spots.  However in this case only the sensor located in the 
same corner as the applied force could detect a significant strain level.  This means 
that if one optical fibre sensor would be broken, certain loads could not anymore be 
detected.  Therefore the sensors should be located more to the middle of the plate.  
Looking to the results of the simulations, e.g. on Figure 5.5 and Figure 5.6, one could 
decide to position the sensors as close to the middle as possible in order to measure 
significant strain levels with all four sensors.  This positioning strategy is indicated 
on Figure 5.7 by the green spots.  However, there are a few reasons not to choose 
this strategy.  First of all would this strategy probably lead to a relative significant 
disturbance of the host material, which is certainly to be omitted.  Secondly, this 
would have as effect that the sensors measure almost equal strains making it very 
difficult to detect the location of the load on the plate.  If we want to measure the 
imposed load and detect its location, three independent and sufficiently differing 
measurements are needed (see further).  Therefore the strategy depicted on Figure 
5.7 by the red spots has been chosen.  The sensors are placed in points at 
approximately one third of the length and width of the plate.  It should be stated 
that also strategies with a-symmetrical positioning of the sensors have been 
analysed, however this did not lead to better results. 
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Figure 5.7: Three of the strategies considered for the positioning of the optical fibre sensors. 
The maximum sustainable load, i.e. when the first phenomena of damage occur, of 
the composite plate has also been calculated, again for a plate simply supported at its 
four edges and for a plate supported at two opposite edges.  Two damage criterions 
have been used, the maximum strain criterion and the Tsai-Wu criterion. 
The maximum strain criterion was chosen because the plate consists of carbon 
reinforcing fibres, which have a low value for the failure strain.  In this criterion, 
every component of the strain tensor is compared with a maximum and a minimum 
value.  The mathematical expression of this criterion is: 
,
1i
i allowed
e
e
<  (5.1) 
The worst-case situation is this when the load is positioned in the middle of the 
plate because this leads to the highest strain values.  The results of finite-element-
simulations for a concentrated force of 330 N at the centre of the plate are shown in 
Figure 5.8 for the case when the plate is simply supported at its four sides.  At the 
most critical point the maximum strain criterion yields a value of 0,932 almost 
reaching the critical value of 1.  Further analysis leads to a critical force of 
approximately 350 N.  Simulations for a composite plate supported at two opposite 
sides leads to a critical force of approximately 370 N. 
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Figure 5.8: Maximum strain criterion for a concentrated force of 330 N at the centre of the plate when the 
plate is simply supported at its four edges. 
The Tsai-Wu criterion is more general in that it is based on the values of the 
different stress components, but it does not give any indication on the effective 
failure mechanisms.  The criterion can be described by: 
1i i ij i jF Fs s s+ <  (5.2) 
in which the coefficients Fi and Fij are function of the tensile and compressive 
strengths according to the axes of orthotropy.  For a more detailed discussion, the 
reader is pointed to [7].  Simulations lead to a critical force, in the centre of the 
plate, equal to approximately 330 N in the case of a plate simply supported at its 
four sides, and equal to approximately 350 N in the case of a plate simply supported 
at two opposite sides. 
The critical forces can roughly be considered equal for both criterions and for both 
boundary configurations.  The load should in practical applications be limited to, at 
most, half of this critical force.  For dynamic loading cases even a safety factor of 4 
is regularly used.  It should thus be concluded that the safety margin is realistic for 
the intended loading conditions (concentrated forces of 100 N). 
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5.2 FABRICATION OF A COMPOSITE PLATE 
ELEMENT WITH FOUR EMBEDDED OPTICAL 
FIBRE SENSORS. 
The composite plate used in this chapter consists of 8 layers of prepreg material 
(carbon fibre reinforced epoxy provided freely by SP Systems), laid up in a stacking 
sequence of [0/+15/-15/90]s.  Dimensions of the plate are 210 mm by 210 mm; a 
width of 210 mm is the maximum value that can be reached in the autoclave of the 
department.  Fabrication of the plate was performed using the autoclave production 
technique as described in the previous chapter.  The recorded cure cycle is shown in 
Figure 5.9.  The measured temperatures on the heating plate, in the proximity of the 
composite specimen, and the pressures are in good agreement with the values set in 
the steering program. 
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Figure 5.9: Autoclave cycle recorded during fabrication of the composite plate.  Shown are the variation of 
temperature and pressure in function of time. 
Four optical fibres with Bragg-sensors have been embedded in the composite plate 
in between the 0° and +15° layers, two at the top of the plate and two at the 
bottom.  The optical fibres are oriented along the +15° direction.  To ensure that 
the optical fibres would be positioned in the +15° layer, a very little groove was 
manually introduced in that layer in between the reinforcing fibres by means of a 
surgical knife.  In this way the least disturbance of the finished plate should be 
obtained.  The reason that the optical fibres have not been embedded in the 0°-layer 
is the very close proximity to the outer surface, and therefore the possible danger of 
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damaging the fibre when the load is applied to this outer surface.  Figure 5.10 gives a 
view on the lamination procedure.  Two prepreg layers have been stacked and two 
optical fibres are pushed in the prepreg along the fibre direction.  The aluminium 
sticks indicate the position and orientation of the small optical fibres.  The sensing 
part of the optical fibre is located approximately 70 mm from each edge.  The other 
two optical fibres have been embedded in a similar way, but with the Bragg-sensors 
now located in the opposite corners.  A schematic representation with the exact 
positions, in the plane and through the thickness of the plate, of the optical-fibre-
sensors is given in Figure 5.11. 
 
Figure 5.10: Embedding of optical fibre sensors during stacking of prepreg layers.  The position and 
orientation of the two optical fibres are indicated by means of aluminium sticks. 
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Figure 5.11: Schematic representation of the position of the optical-fibre-sensors in the plane and through the 
thickness of the composite plate. 
After the plate has been cured, plastic protecting sleeves have been applied around 
the bare optical fibres.  Further reinforcement at the points of egress has been 
realized by a silicone layer (filled with a glass mat as reinforcement).  This silicone 
layer provides enough stiffness for a good protection at those points, and is at the 
same time flexible enough to not influence the bending stiffness of the composite 
plate. 
The properties of the embedded optical fibre sensors (central wavelength, gauge 
factor, temperature coefficient) are summarized in Table 5-2. 
 
Table 5-2: Properties of the embedded optical fibre sensors. 
Sensor number 01757 01758 01759 01760 
l0 (pm) 1308500 1308550 1308580 1308450 
1-P 0,7513 0,7569 0,7533 0,7518 
T0 23,5 23,5 23,5 23,5 
b (1/°C) 6,50E-06 6,50E-06 6,50E-06 6,50E-06 
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5.3 DETECTION OF IMPOSED LOAD 
5.3.1 Theoretical base for the detection of one concentrated force 
A theoretical simulation has been worked out using finite-element-simulations with 
SAMCEFTM and a program written in MathCAD.  Herefore the same configuration 
as in paragraph 5.1.2.2 has been used.  The plate is divided in 10 x 10 elements (thus 
each element measures 20 mm x 20 mm).  It had been concluded from previous 
simulations (where also calculations with 20 by 20 elements had been performed) 
that this configuration gives fairly accurate results while also being acceptable in 
what computing time concerns.  And, in fact, these simulations were only intended 
to demonstrate the feasibility of the developed theoretical model. 
5.3.1.1 Calibration of the plate 
Calibration of the plate consists of loading it with a calibrated mass. This has been 
simulated in finite-element-calculations by placing a load on the plate which is 
spread over 4 elements –thus on an area measuring 40 mm x 40 mm- as 
demonstrated on Figure 5.12.  Hereby the elements in contact with the boundaries 
have been omitted, and thus 7 x 7 load schemes had to be modelled. 
 
Figure 5.12: Elements of the modelled plate and two different positions of calibration loads. 
The values of the strain at the position of the sensors are calculated for unit loads 
and are for each sensor stored in a 7 x 7 array Mk, with k the number of the sensor. 
5.3.1.2 Mathematical formulations 
To find the position and value of an imposed load from the strains measured with 
the Bragg-sensors, the following formula, based on least squares fault functions, is 
used: 
( ) ( ) ( )
( )
2 2 2
, 1 , 2 , 3
2
, 4
( , , ) 1 2 3
4
i j i j i j
i j
f F i j M F m M F m M F m
M F m
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     (5.3) 
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with M1, M2, M3 and M4 the four 7 x 7 arrays with the calibration results for the 
different sensor positions; mi the measured strain values due to the unknown load; 
(i,j) the unknown coordinates of the centre of the imposed load and F the unknown 
value with which the calibration mass has to be multiplied to find the value of the 
imposed load.  It is thus implicitly supposed that the plate behaves in a linear-elastic 
manner, which is the case for small deformations.  This first formula also assumes 
that the unknown load is positioned in one of the calibration points. 
Next, the function f(F,i,j) is partially derived to the unknown parameter F.  By 
making this factor equal to zero, for each position (i,j) the factor F that minimizes 
the function f(F,i,j) can be calculated. 
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)
2 2 2 2 2
, , , , ,
2 2 2
, , ,
, ,
2 1 2 3 4 2 1 1
2 2 3 3 4 4 0
i j i j i j i j i j
i j i j i j
f F i j
M M M M F M m
F
M m M m M m
¶
= + + + - +
¶
+ + =
(5.4) 
In this way a new 7 x 7 array with the derived values of F for each calibration 
position (i,j) is derived, these values are further denoted Fi,j.  It is obvious that the 
correct value for F is in this array, but its location (i,j) is still unknown.  In the 
following step, the derived factors Fi,j and the corresponding positions (i,j) are 
entered in equation (5.3), leading to: 
( ) ( )
4 2
, ,
1
, k i j i j
k
f i j m Mk F
=
= -å%  (5.5) 
When one searches for the minimum of the function ( ),f i j%  for all possible 
combinations (i,j), theoretically the correct parameters F and (i,j) can be obtained. 
The limitations of the above-described formulations are limited because only loads 
located at the calibration points can be correctly detected.  This would mean that a 
very extensive and time-consuming calibration should be performed in order to 
increase the resolution of the method. 
5.3.1.3 Increasing the resolution 
The matrices M1, M2, M3 and M4 are used for the creation of a so-called influence 
surface.  By means of regression and interpolation of the data in the different 
matrices a function gk(i,j) is derived for each sensor.  This function describes a 
continuous polynomial regression surface –maximum of the sixth order-, 
representing the values of the strain measured by the considered sensor when a load 
with a value equal to the calibration load is positioned in the considered point (i,j).  
Equation (5.4) can be extended to an array of three partial derivatives (to F, i and j).  
By putting them all equal to zero the correct parameters should be obtained.  
However, this procedure needs excessive processor time.  Therefore an analogous 
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strategy as the one used at the end of paragraph 5.3.1.2 has been adopted.  The 
coordinates (i,j) are not used as continuous variables but as parameters that can only 
take discrete values; this means that the plate can e.g. be subdivided in n x n 
positions with n >> 7.  The n² strain-values per sensor are deduced from the 
influence surfaces, described by g(i,j).  Then equation (5.3) and equation (5.5) become 
respectively: 
( ) ( )( )
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, , ,k k
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f F i j g i j F m
=
= -å  (5.6) 
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in which i and j take discrete values ranging from 1 to n.  For all positions equation 
(5.6) is calculated and the minimum is detected, leading to the wanted parameters F, 
i and j. 
Due to the possible positions of the applied load and the distribution of the sensors 
over the plate area, in some cases the measured strains will greatly differ in 
magnitude.  This will have as consequence that the contribution to the fault 
functions of some sensors –these detecting the least strain- will be neglectable in 
comparison with the others and thus limit their ‘functioning’.  To solve this 
problem, the proposed equation (5.7) is extended by making use of so-called weight-
coefficients lk,: 
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The choice of suited weight-coefficients was not obvious; it seemed that the 
following formulation yields the best results: 
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All results (value of load and its position) obtained by this formulation were found 
to be correct (what was not the case with the previous formulations)!  Simulations 
were performed by calibrating the plate in SAMCEFTM, simulating some load cases 
(different from the calibration ones) using the same software, and by application of 
the proposed procedure, which was entirely programmed in MathCAD.  This has 
been done using the strain values of three sensors, thus limiting the summations 
formulated above to k=1, 2 and 3, and also for the case of two sensors.  
Notwithstanding the fact that three variables had to be determined (load value and 
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coordinates), this last procedure also yields to perfect results.  This is due to the fact 
that the coordinates i and j cannot be considered as independent variables in the 
procedure described, but that they are used as discrete couples (i,j) and thus in fact 
such a couple can be considered as one single variable. 
5.3.2 Detection of two concentrated forces on one single plate 
It was shown that the herefore described procedure has as advantage that only two 
sensors out of the four are needed for the detection of an imposed load.  Initially it 
was supposed that three sensors would be needed for the evaluation of a single load 
and thus two separate plates would be needed for the detection and location of two 
separate loads (e.g. imposed by the two tires of an axle of a car or a truck).  
However, due to the fact that only two sensors are needed for a full evaluation (i.e. 
location and mass determination) of one concentrated force, a plate with four 
sensors could be sufficient for the full evaluation of two concentrated forces.  The 
above-proposed procedure has thereto been extended. 
The calibration procedure of course remains the same, and thus also the influence 
surfaces described by gk(i,j).  The ‘fault function’ formulated by equation (5.3) is now 
extended to: 
( ) ( )
4 2
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in which F1 and F2 are the unknown values of the imposed loads; (i,j) and (k,l) are 
the coordinates of the loads F1 and F2 respectively; and mn is the measured strain 
with sensor n under influence of the two concentrated forces.  Now this equation is 
partially derived once to F1 and once to F2, and then put equal to zero. 
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By solving these equations, for each combination of positions [(i,j),(k,l)] the forces 
F1 and F2 can be determined.  The values for F1 and F2, related to the position 
[(i,j),(k,l)], are stored in two matrices with r x r x r x r elements (matrices of the 
fourth order !) with r the number of positions considered along the x and y 
direction.  Again the values Mni,j and Mnk,l in equation (5.10) are substituted by gn(i,j) 
and gn(k,l) and similar weight-coefficients have been introduced for improvement of 
the resolution.  Now the combination of (i,j) and (k,l) and the corresponding values 
of F1i,j,k,l and F2i,j,k,l which minimize the function f(F1,F2,i,j,k,l) are determined.  
Simulations showed that two separate forces could be evaluated using strain values 
for four sensors and even using strain values that would be obtained by three 
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sensors.  This last may look surprising, but is a result of  the fact that the coordinate 
couples (i,j) and (k,l) are themselves not to be considered independently, but in 
contrary are to be considered as one single combination [(i,j),(k,l)]. 
This procedure for two forces has also been tested for its possibility in detecting a 
single concentrated force.  Simulations showed that in this case the correct value of 
the applied force at the correct place could indeed be detected, in combination with 
a neglectable second force at a random location. 
5.3.3 General considerations and experimental validation 
Major disadvantage of the two-forces procedure is of course the needed 
computation time.  On a personal computer with a RAM-memory of 32 MB and a 
Pentium 200 MHz processor, the single-force procedure developed in paragraph 
5.3.1 takes less than one minute and the two-forces procedure developed in 
paragraph 5.3.2 takes almost half an hour.  Both values concern when the strains 
along the x-axis and the y-axis are considered in (only) seven points.  The great 
difference is mainly due to the fact that the single-force procedure makes use of a 7 
x 7 array, and the two-forces procedure uses two 7 x 7 x 7 x 7 arrays.  When a 
greater number of points are considered the two-forces procedure becomes too 
complicated (the program crashes due to bad memory-usage of MathCAD). 
Further, it should be emphasized that the success of the above-derived theories can 
be somewhat limited for practical use.  This due to the fact that at least two 
independent significant strain values have to be measured for each possible position 
of the imposed load.  It is also recommended that one or more ‘spare’ sensors 
would be embedded for the case that a sensor would become broken, e.g. during 
fabrication or when in use.  The extra sensors can also be used as a validation of the 
results of the other sensors. 
For these reasons only the one-dimensional procedure has been experimentally 
validated using two and three sensors. 
First the calibration matrices M1, M2, M3 and M4 have been experimentally 
determined for a plate simply supported at two opposite sides.  A grid was drawn on 
the plate dividing it into 10 x 10 elements.  A photograph of the set-up is shown in 
Figure 5.13.  Calibrated loads with a mass of 5 kg were placed on the plate; the load 
is spread over four grid elements by means of plastic tabs.  The outer elements were 
excluded from the calibration procedure, so that the arrays M contain 7 x 7 
elements.  The calibration procedure was time-consuming due to the fact that at that 
time only one module of the demodulation instrument could be used and thus each 
sensor (49 measurements) had to be read out separately.  But it is important that the 
calibration procedure is performed very accurately to promote the reliability and 
accuracy of the weighing measurements. 
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Figure 5.13: Overview of the weighing plate simply supported at two opposite edges, and the grid used to 
divide the plate into elements.  A steel piece has been placed on top of the plate at one of its supported 
boundaries in order to prevent the plate to flip over when no load is imposed.  Also shown, in front of the 
picture, are the calibrated masses used. 
Experimental results for a first series of tests are summarized in Table 5-3.  A 
calibrated mass of 1 kg was imposed on the plate at several places where the 
calibrations were conducted.  The position of the load is illustrated on Figure 5.14 
(case A) for the load case indicated with an asterisk in the table. 
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Figure 5.14: Indication of the areas of application of the load imposed during experiments. 
It can be seen that in all cases the correct position of the load is detected and that 
the derived value of the load equals the correct one within a fault range of 4% when 
2 sensors are used.  Using 4 sensors leads to a further improvement of the proposed 
method, reducing the fault range to 1%. 
 
Table 5-3: Results of experimental weighing tests with an imposed load of 1 kg on four grid elements. 
Mass 
(kg) 
x-coord 
(mm) 
y-coord 
(mm) 
Resolved mass 
(kg) 
Resolved 
x-coord (mm) 
Resolved 
y-coord (mm) 
Number of 
sensors 
1 40 120 0,99 40 120 2 
1 40 140 0,96 40 140 2 
*1 160 140 0,99 160 140 2 
1 160 80 0,98 160 80 2 
1 80 100 1,00 80 100 4 
1 80 120 1,00 80 120 4 
1 60 80 1,01 60 80 4 
1 80 60 1,00 80 60 4 
 
Bending behaviour of a composite plate subjected to out-of-plane loading 
185 
In a second series of experiments the mass was transferred to only one element (20 
mm x 20 mm) and all elements were used in the calibration procedure, thus leading 
to calibration matrices with 10 x 10 elements.  The method of influence surfaces has 
been applied to increase the resolution.  Positions different from the calibration 
positions and several loads were included in the following test program and for all 
simulations the results of four sensors were used.  The position of the load is 
illustrated on Figure 5.14 (case B) for the load case indicated with an asterisk in the 
table.  The results are summarized in Table 5-4 hereunder. 
 
Table 5-4: Results of experimental weighing tests with loads imposed on one grid element. 
Mass 
(kg) 
x-coord 
(mm) 
y-coord 
(mm) 
Resolved mass 
(kg) 
Resolved 
x-coord (mm) 
Resolved 
y-coord (mm) 
Number of 
sensors 
5 90 100 5,00 90 100 4 
5 140 130 5,00 140 130 4 
5 130 90 5,00 130 90 4 
4 60 60 4,03 60 60 4 
5 100 140 5,00 100 140 4 
5 90 60 5,00 90 60 4 
0 - - 0,01 80 120 4 
1 80 120 1,00 80 120 4 
10 80 120 10,00 80 120 4 
6 120 140 6,03 120 140 4 
6 120 130 6,03 120 130 4 
6 120 120 6,03 120 120 4 
6 120 110 6,03 120 110 4 
*8,5 90 90 8,57 90 90 4 
20,5 110 100 20,75 110 100 4 
20,5 110 90 20,75 110 90 4 
20,5 100 80 20,75 100 80 4 
20,5 100 70 20,75 100 70 4 
 
Again the correspondence between imposed load (mass and position) and resolved 
load is remarkable.  The relative differences in masses are in almost all cases less 
than 1%.  Only for the mass of 20,5 kg the relative difference is somewhat higher, 
but still only 1,2%.  The positions of the imposed loads are again perfectly detected. 
The developed plate with embedded sensors is thus perfectly able to determine an 
imposed load in terms of position and weight.  A practical application could be the 
use of such plates as mobile weighing-instruments by the federal police to detect 
over-loaded vehicles, or as sensor embedded in the road such that a classification of 
the passing traffic can be made.  This could certainly be interesting in the 
neighbourhood of bridges, such that too heavily loaded lorries (with respect to the 
design conditions of the bridge) can be detected and forbidden to pass the bridge. 
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5.4 OTHER EXPERIMENTS 
5.4.1 Mechanical properties 
Determination of the elastic properties of a composite material is a very delicate 
task.  A great number of test specimens would be needed to obtain a reasonable 
resolution, when one uses classical tensile testing techniques.  At the VUB, 
department Mechanics of Materials and Constructions, a more flexible technique 
has been developed.  The technique correlates engineering constants to 
eigenfrequencies of a vibrating composite plate with well-chosen dimensions [8].  A 
composite plate with lay-up [08] has been fabricated in the same way as the plate 
used in the formerly described experiments.  The so-determined elastic properties 
are summarized in Table 5-5, printed in bold. 
In the literature one can find elastic properties of similar composite materials (see 
above).  These have to be used to complete the above-determined constants.  It 
should be noted however that such data are rather scarce and they should 
consequently be used as indicative values. 
Table 5-5: Mechanical properties of a composite material (carbon fibre reinforced epoxy) determined by 
experiments (in bold) and completed with values from literature.  
E11 [MPa] 130400 
E22 = E33 [MPa] 10270 
G12 = G13 [MPa] 6113 
G23 [MPa] 3300 
n12 = n13 [-] 0,313 
n23 [-] 0,475 
 
The values stated in the table above are relatively low compared with the values in 
Table 5-1.   Therefore the fabricant of the prepreg material, SP Systems from the 
UK, has been contacted for more detailed information on the material properties.  
The full description of the material is SE84HT/T700/300/400/31% (HT stands for 
high tensile modulus, T700 is the type of carbon fibres, 31% is the matrix mass 
fraction).  The mechanical properties of the constituent materials are stated in the 
two tables beneath. 
Table 5-6: Mechanical properties of the epoxy matrix. 
Name epoxy resin ü 
Young’s elasticity modulus 3355 MPa  
Contraction coefficient 0,294  
Specific mass 1200 kg/m3 ü 
Thermal expansion coefficient 75.10-6 1/°C  
Tensile rupture stress 58,9 MPa  
Compression rupture stress 0 MPa  
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Table 5-7: Mechanical properties of the reinforcing carbon fibres. 
Name carbon T700 ü 
Young’s elasticity modulus 230000 MPa ü 
Contraction coefficient 0,2  
Specific mass 1800 kg/m3 ü 
Thermal expansion coefficient 0,7.10-6 1/°C ü 
Tensile rupture stress 4900 MPa ü 
Compression rupture stress 0 MPa  
 
The marked properties are these provided by the supplier of the prepreg; the others 
are averaged values from a comparative study of literature (see above).  Starting 
from the above-tabulated values, the elastic properties have been simulated using 
the software ELACON, developed by professor Degrieck at Ghent University, 
department of Mechanical Construction and Production. 
Table 5-8: Mechanical properties as simulated using ELACON, based on values given by the fabricant and 
found in literature. 
E11 [MPa] 139342 
E22 = E33 [MPa] 14636 
n 12 = n 13 [-] 0,238 
n23 [-] 0,286 
G12 = G13 [MPa] 5821 
G23 [MPa] 5693 
r [kg/m³]  1560 
 
These values are relatively high in comparison with the experimentally determined 
ones.  Both series of values have been used in finite-element-simulations (see 
paragraph 5.4.2) of the bending deflection of a composite plate supported at its four 
sides loaded with a concentrated force of 100 N in the middle of the plate.  These 
simulations have been compared with experimentally determined values (see 
further).  Making use of the experimentally determined engineering constants, the 
bending deflection at the centre of the plate becomes 1,35 mm compared to 1,16 
mm when the engineering constants simulated via ELACON are used.  The 
experimentally determined value however is equal to 1,26 mm.  It was therefore 
determined to use ‘averaged’ values, which are given in the following table. 
Table 5-9: Mechanical properties of a composite material (carbon fibre reinforced epoxy) as used in the finite-
element-simulations discussed hereunder. 
E11 [MPa] 138000 
E22 = E33 [MPa] 13000 
n 12 = n 13 [-] 0,270 
n23 [-] 0,320 
G12 = G13 [MPa] 6200 
G23 [MPa] 4000 
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Using these values the same finite-element-simulations have been repeated.  This 
leads to a value of the maximum bending deflection of 1,25 mm, which is in very 
close proximity with the experimentally measured value of 1,26 mm.  Therefore the 
values stated in Table 5-9 have been used in the simulations mentioned hereunder. 
5.4.2 Finite-element-simulations 
The bending deflection of the laminated composite plate has been modelled by 
means of the finite-element software package ABAQUS.  The plate is divided in 16 
by 16 elements per layer, as is shown in Figure 5.15.  Also shown are the imposed 
boundary conditions for simulation of a plate supported at all four sides.  The red 
dots indicate the nodal points at which a load of 100 N has been successively 
imposed.  The element type used is the so-called C3D20R-element [9], this is a 20-
node hexahedral continuum element using (reduced) quadratic interpolation.   
Linear elastic material behaviour is simulated, taking into account geometric non-
linearities.  A plate supported at all four edges, supported at three edges (numbers 1, 
3 and 4) and supported at two opposite edges (numbers 3 and 4) were simulated. 
 
Figure 5.15: Mesh used in simulations of the bending behaviour of a composite plate.  Also shown are the 
boundary conditions for a plate supported at four sides.  Calculations have been performed with a load of 100 
N successively imposed at the points indicated with a large dot. 
On the next pages, some results of these simulations are given.  Shown are the 
patterns of bending deflection (Figure 5.16), strain along the 15° direction at the top 
of the lower 15°-layer (Figure 5.17) and upper 15°-layer (Figure 5.18), and this for two 
distinct loading conditions.  
  
 
Figure 5.16: Bending deflection pattern of a carbon fibre reinforced composite plate under a load of 100 N imposed at the position indicated by the arrow.  Boundary 
conditions of the plate are: supported at two opposite sides (a,d), supported at three sides (b,e) and supported at all four sides (c,f). 
  
 
Figure 5.17: Pattern of the strain along the 15°-direction at the top of the lower 15°-layer of a composite plate under a load of 100 N imposed at the position indicated by 
the arrow.  Boundary conditions of the plate are: supported at two opposite sides (a,d), supported at three sides (b,e) and supported at all four sides (c,f).  
  
 
Figure 5.18: Pattern of the strain along the 15°-direction at the top of the upper 15°-layer of a composite plate under a load of 100 N imposed at the position indicated by 
the arrow.  Boundary conditions of the plate are: supported at two opposite sides (a,d), supported at three sides (b,e) and supported at all four sides (c,f).
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The out-of-plane deflection patterns, shown in Figure 5.16, clearly illustrate the 
influence of the boundary conditions on the bending behaviour of the composite 
plate.  On the first three figures (a-c) the simulated deflection under a load imposed 
at the centre of the plate is given.  The deflection patterns are quite likewise at the 
central part of the plate, with of course pronounced differences at the boundaries.  
Symmetry in the boundary conditions and the position of the force is reflected in 
the bending deflection of cases (a) and (c).  This symmetry is not the same with 
respect to the x- and y-directions, due to the orthotropic character of the composite 
plate.  The plate is much stiffer for bending in the x-direction and therefore the 
patterns of equal bending deflection become elliptic with the longer axis oriented 
along the x-direction.  On the second row of figures (d-f) the deflection pattern 
under a concentrated load situated at the upper left corner of the plate is shown.  
There is only slight difference in deflection pattern for the plate supported at two 
opposite edges (d) and the one supported at three edges (e).  This can be attributed 
to the fact that the influence of the support at edge 1 (see Figure 5.15) is minimal due 
to the distance of the point of application of the imposed load to this boundary.  It 
could be said that a boundary condition does not add (remarkable) stiffness to the 
plate for an out-of-plane force far away from it.  In the case of a plate supported at 
all four sides (f), the deflection pattern is evidently largely different from the former 
two.  It should also be noticed that for the loading condition in the corner, the 
maximum bending deflection thus not appear at the position of the load itself, this 
due to the large stiffness of the plate.  The point of maximum deflection shifts 
towards the point of application of the force when this last moves away from the 
boundaries towards the centre of the plate. 
Of more importance for this research are of course the expected strains in the 
composite plate at the (supposed) position of the optical fibre sensors.  On Figure 
5.17 and Figure 5.18 strain patterns at the top of the lower and upper 15°-layer, 
respectively, are shown.  Symmetry in the boundary conditions and the orthotropic 
character of the plate are again clearly visible.  On these figures, the position (and 
extent) of the Bragg-sensors in these layers is also indicated, besides the point of 
application of the concentrated force.  Due to reasons of symmetry, the 
corresponding sub-figures should indicate similar patterns, with tensile strains at the 
bottom and compressive strains at the top, but with unequal values due to the 
difference in distance from the neutral axis.  These expectations are indeed 
confirmed by the finite-element-simulations.  As could be expected from the 
deflection patterns, the influence region of a concentrated force, now with respect 
to the strain it causes, is more extensive in the case of a load at the centre of the 
plate than for a load in the corner of the plate.  Again the patterns for a plate 
supported at three edges and a plate supported at two opposite edges are very 
likewise, due to the distance from the boundary of the third support.  The form of 
the strain patterns in the case of concentrated force in the neighbourhood of the 
corner of the plate is very resembling to the form of the deflection patterns.  This is 
very logical in that the strains are mainly dependent on the out-of-plane 
displacement component for this form of loading. 
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5.4.3 Bending experiments on a composite plate by means of an out-
of-plane concentrated force 
The experiments discussed hereunder were performed on a universal testing 
machine INSTRON4500.  The plate was supported by a specially designed test 
fixture of which the boundary conditions could be changed from simply supported 
at all four edges to simply supported at three edges or at two opposite edges.  The 
entire fixture was placed on a translation stage with which translations in two 
orthogonal directions could be imposed.  A load of 100 N was imposed at several 
points on the plate via a hemispherical loading stamp with a diameter of 10 mm.  
The tests were conducted in a displacement steered configuration of loading and 
successive unloading.  Measurements of three Bragg-sensors were taken, with the 
force imposed each time at points separated by 15 mm in either direction, covering 
half of the plate.  The bending deflection of the plate was measured at its centre by 
means of an LVDT.  An overview of the test fixture is shown in Figure 5.19. 
 
Figure 5.19: Overview of test fixture used in experiments with plate simply supported at four sides or three 
sides or two opposite sides. 
The results of these experiments are discussed in the next paragraphs.  For every 
set-up first two graphs with history outputs of representative experiments are given, 
i.e. the variation of the bending deflection and the strains measured with three 
Bragg-sensors are given in function of the experiment time.  The maximum of the 
imposed load was 100 N.  A summary of all measurements will then be shown on 
contour plots.  The grids on these plots indicate the position of the points of 
application of the loads during the experiments.  The lines indicate contours of 
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equal strains, calculated from the results at the grid points.  Every contour plot with 
experimental results is accompanied by an additional contour plot of simulated 
values with finite-element-calculations.  These last values are determined as the 
strain values at the node between the 0°-layer and the 15°-layer. 
5.4.3.1 Plate simply supported at four edges. 
In this paragraph experimental results of the bending behaviour of a composite 
plate supported at all four edges are discussed.  Figure 5.20 and Figure 5.21 show the 
variation in time of the measured values (bending deflection and three Bragg-strains) 
for respectively an imposed load of 100 N at the centre of the plate (coordinates x = 
95 mm and y = 95 mm) and one between the central point and a corner at the left 
of the plate (coordinates x = 65 mm and y = 125 mm). 
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Figure 5.20: Bending experiment on a composite plate supported at all four edges, with the load applied at 
the centre of the plate.  Strains are shown for three Bragg-sensors and also the bending deflection at the centre 
of the plate. 
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Figure 5.21: Bending experiment on a composite plate supported at all four edges, with the load applied at 
the point with coordinates x = 65 mm and y = 125 mm.  Strains are shown for three Bragg-sensors and 
also the bending deflection at the centre of the plate. 
From the figures it can first be seen that the variation in the bending deflection is 
perfectly linear in time, corresponding to the displacement steered configuration of 
the experiments.  The imposed bending deflections are obviously kept lower than 
the thickness dimension of the plate, such that elastic material behaviour can be 
supposed with reasonable confidence.  After unloading of the plate, the measured 
Bragg-strains return perfectly to their initial value, which was set equal to zero 
before the load was applied.  The course of the strains is in all cases perfectly 
symmetrical with respect to the moment of maximum load.  A slight deviation from 
the linear trend in the strain values can be noted.  It should be noted that this is not 
reflected in the finite-element-simulations, which indicate a perfect linear elastic 
behaviour of the composite material due to the linear elastic material model used.  
These simulations in fact reflect a load-steered test because the load is ramped 
linearly during a time-step.  This slight non-linearity  could also be noted in the load 
versus displacement curves. 
In the case of the load imposed at the centre of the plate (Figure 5.20) the strain 
values for the sensors 01759 and 01760 are almost equal, as could be expected due 
to symmetry in the position of the sensors, in the boundary conditions of the plate 
and in the position of the load.  This is also predicted by the finite-element-
simulations; indeed it can be seen from Figure 5.17 (c) that the sensors are situated at 
positions where the same strain level is calculated.  The strain measured by sensor 
01757, in the lower 15°-layer, is much lower than the other two values 
notwithstanding the fact that one could note that its central position is symmetrical 
with respect to the other two sensors considered.  But as can be seen on Figure 5.11, 
due to the direction of the sensor, it has not the same relative orientation with 
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respect to the boundaries as the other two sensors.  The strain results of the finite-
element-simulations, given in Figure 5.17 and Figure 5.18, indeed indicate that sensors 
01759 and 01760 are situated in a region with higher induced strains than is sensor 
01757. 
Figure 5.21 shows results for application of the load somewhat closer to the corner 
of the plate; the point having coordinates (x,y) equal to (65,125).  The strain 
measured with Bragg-sensor 01760 has become much greater as could be expected 
due to the close proximity of the applied load to the sensor, which has centre 
coordinates (60,130).  The other strain values have become smaller because the 
point of application of the load is further away from these sensors.  It can thus be 
concluded that the sensors reflect very good, in relative terms, the expected bending 
behaviour of the composite plate. 
A summary of all experiments is given on the following four figures, also allowing 
an absolute interpretation of the obtained results.  These figures show the measured 
and simulated values of the bending deflection at the centre of the plate and the 
strains measured by means of three different Bragg-sensors.  The numerical value 
read from a point on one of these figures indicates the value of the measured 
quantity – e.g. bending deflection at the centre of the plate – when a load of 100 N 
is imposed at the considered point.  The grid on these figures indicates the points at 
which a concentrated force has been applied during the experiments.  Using 
interpolation and extrapolation techniques (built-in functions in MathCADTM)  a 
continuous representation of these data values is calculated and shown by means of 
a contour plot in which the contours bound regions of equal values.  The contours 
on the figures representing measured values are smoother than these on the figures 
based on simulated values, because more data points have been used (11 
experiments per row versus 7 simulations). 
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Figure 5.22: Bending deflection at the middle of a carbon fibre reinforced composite plate simply supported at 
its four edges for imposed loads of 100 N; experimental values (left) and finite-element-simulations (right). 
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The patterns of the bending deflection measured during the experiments and 
simulated by finite-element-simulations are clearly very similar.  For a load 
positioned at the centre of the plate, i.e. just above the position of the LVDT, the 
measured deflection at the centre of the plate is 1,26 mm and the simulated 
deflection is 1,25 mm.  When the relative positions of the contours are compared, 
one can see that these are in both cases at nearly the same place.  The small 
difference can partly be addressed to the manner in which these contours have been 
obtained, but is of course mainly the result of the uncertainty in the used values of 
the mechanical properties of the material.  However, from these first results could 
be concluded that the finite-element-model should be a reasonably good 
approximation for the real composite plate. 
In the same way a comparison is made between measured Bragg-strains and 
simulated strains.  As was already mentioned above, the simulated strain values are 
these attributed to the nodal points in the contact zone of the 0°-layers and the 
+15°-layers.  This assumption has been made due to the following reasons: the 
optical-fibre-sensors are embedded in between the 0° and the +15° layers, and 
deliberately pushed in a very small groove manually put in the +15° layer.  It is 
expected, due to the small difference in orientation of the optical fibre and the 
reinforcing fibres in the 0°-layer,  that these last will slightly push the optical fibre in 
the +15°-layer under the influence of the pressure applied during the autoclave 
curing cycle, and that the reinforcing fibres along the 0°-direction will cross the fibre 
with slight deflection.  Due to the dimensions of the optical fibre (diameter is 
approximately the same as the ply thickness) and its stiffness it is not expected that 
it will entirely be pushed in the 15°-layer. 
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Figure 5.23: Strain detected by Bragg-sensor 01757 embedded in the upper 15° layer of a carbon fibre 
reinforced composite plate simply supported at all four edges for imposed loads of 100 N; experimental values 
(left) and finite-element-simulations (right). 
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Figure 5.24: Strain detected by Bragg-sensor 01759 embedded in the lower 15° layer of a carbon fibre 
reinforced composite plate simply supported at all four edges for imposed loads of 100 N; experimental values 
(left) and finite-element-simulations (right). 
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Figure 5.25: Strain detected by Bragg-sensor 01760 embedded in the lower 15° layer of a carbon fibre 
reinforced composite plate simply supported at all four edges for imposed loads of 100 N; experimental values 
(left) and finite-element-simulations (right). 
A first examination of the figures above lead to the conclusion that the measured 
and simulated strain patterns are very similar for the sensors 01759 and 01760 but 
that there is an apparent difference for sensor 01757.  The main difference in the 
measured and simulated patterns of sensor 01757 can be noted in the shift in the 
central position of the contour plot, which is further called the eye of the contour 
pattern.  This shift in strain patterns for sensor 01757 can in first instance be 
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attributed to the fact that the exact position of the Bragg-sensor may be different 
from the position that was supposed until now.  From the finite-element-
simulations it is clear that the sensors detect the largest strain values when the 
concentrated force is imposed exactly above the position of the Bragg-sensor.  An 
extrapolation of this finding to the measured values would indicate that the eye of 
the measured strain contours would indicate the exact position of the embedded 
sensors, which would clearly be different from the supposed point of embedment.  
At this point it should be indicated that the position of the Bragg-grating in the 
optical fibre cannot be visually determined and is thus not exactly known.  The 
supplier of the Bragg-sensors only informed that the end of the Bragg-grating is 
positioned approximately 10 mm from the end of the optical fibre.  This could 
however only be taken into account for a slight difference in position.  This would 
mean that something has went ‘wrong’ in the positioning of the Bragg-sensors 
during the fabrication process of the composite plate.  It is now indeed assumed by 
the author that the optical-fibre-sensor 01757 has been positioned at the wrong 
place after investigation of the place where the optical fibre enters the composite 
plate, which is approximately one cm closer to boundary 3 than it should be.  A 
‘human’ mistake is more likely than a change in position due to handling during the 
fabrication or curing.  In fact, the optical fibre sensor is firmly pushed in a groove of 
the 15°-layer and directly sticks to the epoxy matrix.  The 0°-layer is then laid on the 
15°-layer and again firmly pressed, thus it is quite unlikely that the optical fibre 
could change in position. 
A more qualitative evaluation of the numerical values associated with the contours, 
indicates that not only the contour patterns are very likewise but that also the 
measured strain values are of the same order of magnitude as the simulated values, 
for the same position of the applied force.  Investigation of the numerical values 
indicates that the differences are generally restricted to (less than) 10 %.  Taking into 
account the uncertainty on the mechanical properties of the composite material and 
the supposed position of the sensors (through the thickness), this indicates a (very) 
good behaviour of the Bragg-sensors (as well as a good simulation).  The strains 
measured with Bragg-sensor 01757 are somewhat more deviant than these measured 
with sensors 01759 and 01760, what could again be attributed to a mistake in the 
supposed position. 
5.4.3.2 Plate simply supported at three edges. 
As indicated in the title, this paragraph gives the results of experiments and 
simulations for a composite plate simply supported at three edges.  Referring to 
Figure 5.15 these are the edges 1, 3 and 4.  The same strategy in presentation of 
results is followed as in the previous paragraph. 
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Figure 5.26: Bending experiment on a composite plate supported at three edges, with the load applied at the 
centre of the plate.  Strains are shown for three Bragg-sensors and also the bending deflection at the centre of 
the plate. 
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Figure 5.27: Bending experiment on a composite plate supported at three edges, with the load applied at the 
point with coordinates x = 65 mm and y = 125 mm.  Strains are shown for three Bragg-sensors and also 
the bending deflection at the centre of the plate. 
On Figure 5.26 it can be seen that the strain measured by sensors 01759 and 01760 
are almost exactly the same, not only in amplitude but also in growth rate.  This is, 
again, in perfect correspondence with the simulations represented in Figure 5.17 (b).  
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From Figure 5.27 the evidently higher sensitivity to a load applied closer to the 
Bragg-sensor (for sensor 01760) and the lower sensitivity to a load with point of 
application further away from the Bragg-sensor (for sensor 01759) is illustrated.  All 
measurements indicate the repeatability and absolute character of the measurements; 
this is indicated by the perfect return to zero when the load is removed and the 
perfect symmetry in the measurements.  This last is also a validation of the assumed 
elastic behaviour of the composite plate. 
An even more illustrative example of the quality of the Bragg-sensors is given in the 
next figure that gives an overview on measurements during 11 consecutive periods 
of loading and un-loading.  The load is imposed at the point with coordinates x = 
125 mm and y = 65 mm, thus in close proximity to the position of sensor 01760.  
On the figure the representation of the Bragg-strain measured with sensor 01760 
almost perfectly coincides with the lines of the measured bending deflection during 
the entire experiment time.  All strain signals show the same variation in time as 
does the imposed deflection, this both for what concerns amplitude as well as 
growth rate.  Further it should be noticed that the quality of the Bragg-strains 
measured with sensor 01757 (in resolution and repeatability) is very good although 
the maximum amplitude is only 15 me ! 
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Figure 5.28: An overview on the measurements of strain deflection during 11 consecutive cycles of loading and 
unloading the composite plate at a point (x,y) = (125,65) with a force of 100 N. 
A summary of all experiments and simulations, in the form of contour plots, is 
given on the next four figures. 
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Figure 5.29: Bending deflection at the middle of a carbon fibre reinforced composite plate simply supported at 
three edges for imposed loads of 100 N; experimental values (left) and finite-element-simulations (right). 
The contours of measured bending deflection are very smooth and indicate very 
well the effect of removing the support 3 (at the top of the figure).  A comparison 
of the absolute values of the measured deflections and the simulated deflections 
again shows that these are almost exactly the same, thus indicating the quality of the 
finite-element-model.  
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Figure 5.30: Strain detected by Bragg-sensor 01757 embedded in the upper 15° layer of a carbon fibre 
reinforced composite plate simply supported at three edges for imposed loads of 100 N; experimental values 
(left) and finite-element-simulations (right). 
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Figure 5.31: Strain detected by Bragg-sensor 01759 embedded in the lower 15° layer of a carbon fibre 
reinforced composite plate simply supported at three edges for imposed loads of 100 N; experimental values 
(left) and finite-element-simulations (right). 
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Figure 5.32: Strain detected by Bragg-sensor 01760 embedded in the lower 15° layer of a carbon fibre 
reinforced composite plate simply supported at three edges for imposed loads of 100 N; experimental values 
(left) and finite-element-simulations (right). 
The strain pattern obtained from the measurements by sensor 01757 confirms the 
supposition made in the previous paragraph that the position of the embedded 
Bragg-sensor could be different from the intended position.  A discontinuity in the 
contour pattern based on simulated values can be seen on Figure 5.30.  Inspection of 
the numerical values learned that this cannot be attributed to the simulated values 
but has to be a result of the extrapolation and interpolation techniques used in 
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drawing the contour plots.  Otherwise it should be noted that the contour patterns 
are very likewise.  The strain readings for sensor 01760, shown on Figure 5.32, are  in 
pattern and in numerical values very comparable to the simulations.  The eye of the 
contour pattern is at the same position as in the case of the plate simply supported 
at its four edges.  For sensor 01759, the strain pattern and values are again very 
good comparable to the simulated values. 
5.4.3.3 Plate simply supported at two opposite edges. 
This last paragraph summarizes the results of experiments and simulations for a 
composite plate simply supported at two opposite edges (these parallel to the x-
axis).   
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Figure 5.33: Bending experiment on a composite plate supported at two opposite edges, with the load applied 
at the centre of the plate.  Strains are shown for three Bragg-sensors and also the bending deflection at the 
centre of the plate. 
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Figure 5.34: Bending experiment on a composite plate supported at two opposite edges, with the load applied 
at the point with coordinates x = 65 mm and y = 125 mm.  Strains are shown for three Bragg-sensors and 
also the bending deflection at the centre of the plate. 
The conclusions that can be drawn from Figure 5.33 and Figure 5.34 are similar to 
these for the composite plates supported at all four edges and at three edges: equal 
values for sensors 01760 and 01759 for reasons of symmetry, repeatable and 
absolute measurements, (visco-)elastic behaviour.  The patterns of the bending 
deflection are again quite similar. 
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Figure 5.35: Bending deflection at the middle of a carbon fibre reinforced composite plate simply supported at 
two opposite edges for imposed loads of 100 N; experimental values (left) and finite-element-simulations 
(right). 
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Figure 5.36: Strain detected by Bragg-sensor 01757 embedded in the upper 15° layer of a carbon fibre 
reinforced composite plate simply supported at two opposite edges for imposed loads of 100 N; experimental 
values (left) and finite-element-simulations (right). 
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Figure 5.37: Strain detected by Bragg-sensor 01758 of 9 embedded in the lower 15° layer of a carbon fibre 
reinforced composite plate simply supported at two opposite edges for imposed loads of 100 N; experimental 
values (left) and finite-element-simulations (right). 
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Figure 5.38: Strain detected by Bragg-sensor 01760 embedded in the lower 15° layer of a carbon fibre 
reinforced composite plate simply supported at two opposite edges for imposed loads of 100 N; experimental 
values (left) and finite-element-simulations (right). 
The results from the strain measurements also lead to the same conclusions made in 
the previous paragraphs: same (difference in the) position of the contour eyes, 
similar contour patterns, experimental and simulated strain values with deviations 
within 10%. 
5.5 CONCLUSIONS 
A carbon fibre reinforced composite plate has been made, four Bragg-sensors have 
been  successfully embedded and survived the autoclave curing process.  These 
sensors have been successfully used to monitor the strains induced by the bending 
of the plate due to out-of-plane loading.  The sensitivity of these sensors has been 
demonstrated  with respect to the position of the imposed force and for different 
boundary conditions.  It was also noted that the Bragg-sensors are capable of 
performing absolute measurements and that measurements are repeatable.  Strain 
measurements have been compared to strain values obtained from finite-element- 
simulations.  Within the assumptions of the model (mechanical properties, position 
of the fibre sensor) the agreement is very good. 
A numerical algorithm has been developed to use the fabricated plate for the 
detection of the amplitude and the position of an imposed load.  Experimental 
results have proven the feasibility of this technique. 
The combination of numerical methods used during the design stage and during the 
simulation of responses to applied load, with experimentally obtained measurements 
Structural monitoring of composite elements using optical fibres with Bragg-sensors. 
208 
looks very promising for a full understanding of the mechanical behaviour of a 
structural element. 
‘Reverse engineering’ of experimental results helped in adapting the mechanical 
properties of the composite material.  Determination of the mechanical properties 
of the composite material based on the properties of the constituent materials 
always indicates a certain fault margin: there is generally a non negligible spread in 
the mechanical properties of the constituent materials and the exact ‘composition’ 
of the final product (i.e. fibre volume ratio, void content, …) is highly dependent on 
the fabrication technique and the care with which it has been conducted.  
Determination of the mechanical properties of the material would need an extensive 
(and thus expensive) testing program to be able to give the values with a reasonable 
degree of certainty.  Laboratory experiments under well-known boundary conditions 
and load cases – that can also fairly easily be modelled with finite-element-
calculations – on (scaled) structural elements should clearly be helpful in the 
determination of the ‘correct’ mechanical behaviour of the structural element.  
Comparison of experimentally obtained values with simulated numbers leads to a 
validation of the appropriateness of assumptions made in the design process. 
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CHAPTER 6  
 
MONITORING OF FILAMENT 
WOUND PRESSURE VESSELS 
This chapter deals with results obtained during monitoring 
experiments on composite pressure vessels.  These vessels have been 
manufactured using the filament winding process.  Some vessels have 
been retrofitted with surface-glued optical-fibre-sensors, whilst in 
other cases the Bragg-sensors have been embedded in the composite 
material during the manufacturing process.  Results will be shown 
for a variety of tests, ranging from static tests, over slowly varying 
tests, to dynamic pressure cycles and burst tests.  The obtained 
results have been compared with strain gauge readings and 
simulations by means of finite-element-calculations.  
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6.1 FABRICATION OF VESSELS BY FILAMENT 
WINDING 
6.1.1 Filament winding  
Filament winding [1] is an automated manufacturing process in which continuous 
filament (or tape) is treated with resin and wound on a mandrel in a pattern 
designed to give maximum strength in one direction. Most commonly used as 
reinforcement are single strands or rovings of glass, although other types of fibres 
(carbon, …) are gaining interest too, while the resins include epoxies, polyesters, 
acrylics and others. To be effective, the reinforcing material must form a strong 
adhesive bond with the resin. The process is performed by drawing the 
reinforcement from a spool or creel through a bath of resin, then winding it on the 
mandrel under controlled tension and in a predetermined pattern. The mandrel may 
be stationary, in which event the creel structure rotates around the mandrel, or it 
may be rotating on a “lathe” about one or more axes. By varying the relative 
amounts of resin and reinforcement, and the pattern of winding, the strength of 
filament wound structures may be controlled to resist stresses in specific directions. 
After sufficient layers have been wound, the structure is cured at temperature. 
This manufacturing process is ideally suited for the fabrication of thin shells with 
high strength and stiffness due to the continuous nature of the reinforcement, the 
high fibre volume fraction (up to 70 %) and the high precision of the fibre 
directions.  At the other hand, due to the relatively low production speed, possible 
high spill of resin and the high investments needed, this production technique is 
only used for high-quality products.  Structural applications of filament winding 
have been used in the aerospace industry to fabricate rocket-motor cases and 
radomes, as well as in commercial applications such as storage tanks, pipes, and 
pressure vessels. 
6.1.2 Fabrication of a composite vessel 
The fabrication of the composite pressure vessels used for the experiments 
discussed in this chapter, is performed on the filament winding installation from the 
department Mechanical Construction and Production, originally developed within 
the doctoral research work of Ph. Martin [2]. 
In short, the winding procedure consists in that continuous strands of glass fibres 
impregnated with an epoxy resin are wound, following a certain pattern, onto a 
mandrel having the wanted shape of the end-product.  The bobbins with glass fibres 
are internally unwound and the fibre strands are then lead via rollers to the 
impregnation installation.  Pre-tensioning of the fibre strands is partly realised by a 
simple installation (moveable arm with rotationary spring) that slows down the 
rollers, and partly in the impregnation installation.  This impregnation installation is 
built within the moving robot-arm.  The fibre strands enter the resin bath via a reed, 
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are impregnated by the (heated) resin as they travel through the bath and are at the 
end drawn through a very precise die.  Via a positioning eye the composite material 
is finally lead to the mandrel.  This mandrel is made from a water-soluble plaster 
(brand Ludor Wash Away) so that it can be easily removed afterwards (from the 
inside of the final product!) by simple solution in hot water.  Two layers of PVC-
coating are applied to the surface of the mandrel for smoothening of the surface and 
augmenting its impermeability.  An additional release film (Teflon spray) is applied 
so that the epoxy will not adhere to this PVC-coating.  The winding process itself is 
controlled via a PC-steered winding machine developed in cooperation with WTCM 
(Belgian Research Centre for the Metalworking Industry).  A schematic 
representation giving an overview of the main parts of the winding installation is 
shown on Figure 6.1. 
 
Figure 6.1: Schematic representation of the main parts of the filament winding installation developed at 
Ghent University, department of Mechanical Construction and Production, in cooperation with WTCM 
(Belgian Research Centre for the Metalworking Industry). [2] 
As can be seen from the figure above, the winding machine has 5 degrees of 
freedom (x,y,z,f ,q) of which, for this application, three are steered by servomotors 
(x,y,q).  The positioning eye itself is not steered, but due to excentric forces of the 
impregnated glass fibre strands it takes at every time step the wanted position (thus 
automatic adjustment of z, f).  After the winding process, the composite vessel is 
cured in a hot-air oven at 80 °C for four hours and following at 120 °C for another 
12 hours.  A threshold temperature of 80°C is applied during the cure cycle to fix 
the temperature at which the epoxy polymerises, it then hardens at the higher 
temperature of 120 °C. 
The pressure vessel design used in the experiments is based on an existing 
commercial type, with a cylindrical form and torispheric bottoms, of which the 
shape has been optimised [2] in order to avoid stress concentrations present in the 
initial design.  A cylindrical vessel with end-bottoms is in fact the type mostly used 
in industrial applications, for reasons of simplicity and a minimal requirement of 
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space.  A crosscut of the vessels is shown in Figure 6.2 with an indication of the 
most important dimensions.  The manufactured vessel consists of two polar 
windings (at the inner side) and three peripheral windings (at the outside of the 
cylindrical part); these windings are made clear on Figure 6.3.    The thickness of the 
peripheral winding is approximately 3,25 mm and the minimal thickness of each 
polar  winding is approximately 0,65 mm.  This last thickness evidently increases 
towards  the poles of the vessel because every winding has to turn around these 
poles. The vessel has a volume of 5,544 litres and weighs only 1,074 kg. 
 
Figure 6.2: Crosscut of a filament wound pressure vessel wi th indication of the most important dimensions.  
The orientation of the inner polar windings can clearly be seen. 
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Figure 6.3: Winding pattern of the composite pressure vessels. [2] 
6.1.3 Installation of the optical fibres with Bragg-sensor 
Optical fibres have been installed into, as well as onto, composite pressure vessels.  
Bragg-sensors have been embedded into the composite vessels during the winding 
process in between and parallel to the two outermost (hoop) windings, positioned in 
the middle of the cylindrical part.  The winding process is halted to allow proper 
positioning and alignment of the optical fibre.  It is clear that when the winding 
process is again started a very delicate task is to hold the optical fibre lead due to the 
rotational movement of the mandrel.  A critical point is of course the protection of 
the fibre at the point where it exits the composite material; there the  glass fibre is 
very prone to cracking.  To this end, the plastic protecting sleeve is also embedded 
in the composite material in the neighbourhood of the exit point.  Further 
precaution is taken by covering the exit point with silicone material. 
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Optical fibres have also been glued onto polymerised composite pressure vessels, 
again in the direction of the hoop windings.  First a little groove has been put in the 
(hardened) epoxy at the desired position of the Bragg-sensor.  The optical fibre is 
positioned and then kept in place by an instant glue and small pieces of tape.  
Eventually the Bragg-sensor is glued to the structure with an epoxy resin (different 
from the composite matrix) that hardens at room temperature.  The polymerisation 
process is accelerated by heating the epoxy with a spotlight.  Further protection of 
the sensor is performed by means of a liquid silicone, again cured by means of the 
heat of a spotlight. 
6.1.4 Material properties 
As already mentioned, the pressure vessels were made of glass fibre reinforced 
epoxy.  The constituent materials are glass fibres produced by Owens-Corning 
impregnated with an epoxy  resin from Ciba-Geigy.  The material and elastic 
properties of fibres and matrix are given in Table 6-1 and Table 6-2, respectively.   
 
Table 6-1: Mechanical and elastic properties of reinforcing glass fibres. [2] 
Type E-glass 
COSMO R25BX27 600 TEX C BP 
Number of strands 4 x 600 tex 
Young’s modulus E [MPa]  76000 
Coefficient of Poisson n [-] 0,3 
Specific mass r [kg/m³]  2560 
Coefficient of thermal expansion a [1/°C] 4,9 10-6 
Ultimate stress [MPa] 1500 – 2500 
 
Table 6-2: Mechanical and elast ic properties of epoxy matrix. [2] 
Type: Resin Araldite LY556 
 Hardener HY917 
 Accelerator DY070 
Mixture 100 / 90 / 0,5 (weight%) 
Pot-life 20h at 40 °C 
Young’s modulus E [MPa]  3200 
Coefficient of Poisson n [-] 0,35 
Specific mass r [kg/m³]  1175 
Coefficient of thermal expansion a [1/°C] 68 – 70 10-6 
Ultimate stress [MPa] 80 -90 
 
The material properties of the resulting composite material have been simulated by 
means of the software ELACON and adjusted by results obtained from mechanical 
testing on specimens cut from filament wound elements [2]. 
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Table 6-3: Mechanical properties of the windings composed of reinforcing glass fibres and epoxy matrix.[ 2] 
  Glass/Epoxy 
UD 
Glass/Epoxy 
woven 
E11 [MPa] 45500 39600 
E22 [MPa] 13500 
(13550) 
9950 
(10250) 
G12=G13 [MPa] 5050 3830 
G23 [MPa] 4860 3520 
n12=n13 [-] 0,321 0,325 
n23 [-] 0,394 0,413 
Xt [MPa] 900 900 
Xc [MPa] 750 750 
Yt=Zt [MPa] 40 30 
Yc=Zc [MPa] 165 165 
S12=S13 [MPa] 65 65 
Vf [%] 58,0 54,5 
r [kg/m³]  1967 1919 
a11 [1/°C] 17,2 10-6 13,0 10-6 
a22 [1/°C] 45,5 10-6 43,5 10-6 
6.2 REMOTE LOAD MONITORING OF COMPOSITE 
PRESSURE VESSELS 
The major part of the experiments of which some representative examples are 
discussed in this paragraph have been performed just before the start of the research 
work of the author [3,4]; however the results still needed to be processed and 
interpreted.  In fact processing and interpretation of these initial measurements 
meant the start of the research work discussed in this doctoral thesis.  
6.2.1 Experimental test set-up 
A schematic overview of the experimental test set-up is shown in Figure 6.4.  The 
set-up consists of three mutually independent parts (steering PC, demodulation 
instrument, element under test) of which one, the demodulation instrument, is 
positioned in a spatial different place.  For a more detailed discussion on this set-up 
the reader is pointed to earlier in this dissertation where it has been used during 
experiments on composite beams.  Here attention is mainly focused on the method 
of applying pressure to the vessel and the steering of the load cycles. 
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Figure 6.4: Experimental test set -up for remote monitoring of composite pressure vessels. 
For safety reasons, water was used as the pressure medium, the pressure of which 
was, in turn, set through compressed air.  Activating electronically steered valves at 
the inlet and outlet pressure lines controlled the pressure applied to the vessel.  The 
action undertaken depends on a comparison of the pressure measured by means of 
an electronic pressure transducer, with the desired pressure at each moment. 
The necessary control and monitor software – which includes the steering of the 
valves, read-out of the pressure transducer and the control of the optical spectrum 
analyser used to record the reflected spectra from the embedded Bragg-sensors – 
has been developed in LabVIEWTM.  The remote character of the tests makes the 
Bragg-sensor technique even more interesting for practical use; a whole plant of 
pressure vessels or storage tanks could be monitored from one central dispatching 
unit. 
It should be noted that, as has been discussed in Chapter 4, the use of the optical 
spectrum analyser has as result that the recorded Bragg-spectra are liable to noise.  
Further, the measurements with the OSA take a certain time (10 to 20 seconds), 
during which time the valves are both closed and not further steered, whereby small 
variation in the pressure is possible through natural losses. 
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6.2.2 Description of the course of an experiment and processing of 
the results on the basis of a representative example 
For the experiment discussed here, a succession of two sinusoidal (slowly) varying 
pressure cycles have been programmed in the steering program.  At regular time 
intervals (2 to 4 seconds), the pressure applied to the water buffer is measured and 
compared with the wanted pressure.  Depending on the outcome, the inlet or the 
outlet valve is steered so that the pressure can be built up or down, respectively.   
Every 75 seconds the computer stores the measurements of time, wanted and 
applied pressure and Bragg-spectrum.  During the time this takes, the valves are 
kept closed so that normally no change in pressure could occur.  A summary of the 
results obtained from this one-hour experiment is shown in Figure 6.5. 
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Figure 6.5: Results obtained during an experiment in which a succession of two sinusoid ally pressure cycles 
had been programmed as load history for the vessel under test.  On the left figure the effectively measured 
pressure is shown in function of time, and on the right the calculated Bragg-wavelength in function of time. 
The figure on the left illustrates the variation of applied pressure in function of time.  
Two cyclically varying pressure histories can be distinguished and are indicated by 
‘1st type’ and ‘2nd type’.  As already mentioned sinusoidal pressure cycles were 
programmed, but obviously triangular shaped cycles have been measured.  It has 
been found by the author that this can be attributed to two reasons: faults in the 
programming of the pressure control algorithm (found after thorough investigation 
and compilation of the program), and the fact that the air buffer in the water 
reservoir was too high (supposition on the basis of own experiments).  As a result, it 
takes a long time (a great volume of air is needed) before the pressure applied on the 
water buffer corresponds to the programmed value.  This explains the linear 
character of the slopes of the cycles and the fact that the pressure does not go back 
to zero when the outlet valve is opened.  The period of transition in between the 
two types of pressure cycles (approximately 3 minutes) corresponds to the time 
needed to re-program the wanted pressure cycle. 
From the recorded Bragg-spectra the Bragg-wavelength has been calculated 
following the two procedures described in Chapter 4.  In a first process, the 
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wavelength at which the reflected optical power is maximum has been taken as 
Bragg-wavelength (this corresponds to the theoretically expected Bragg-wavelength).  
Due to large scatter in the Bragg-spectra (see also the discussions in Chapter 4) the 
Bragg-wavelength has also been determined as the mean value of the wavelengths at 
which half of the maximum optical power is back-reflected.  On the right part of 
Figure 6.5, this first approximation has been indicated by a full line with triangular 
points (entitled max in the legend), and the second by a dotted line with circular 
measurement points (denoted 3dB).  It can be noted that the course of the Bragg-
wavelength is in very good agreement with the measured pressure.  Some 
remarkable events in the pressure history, such as the sudden drops in pressure at 
the beginning and the end of the transition zone and at the last peak of the 2nd cycle 
type are also detected in the Bragg-signal.  At some points there is a non-negligible 
difference in the Bragg-wavelengths based on the maximum value and the 3dB-
values.  The Bragg-spectrum corresponding with the measurement point at the peak 
of the third cycle (of the 1st cycle type) is given in Figure 6.6 in dashed line, showing 
the important influence of noise.  Also shown is the smoothed function in full line.  
Its shape is clearly influenced by the noise peaks in the original signal and will 
evidently lead to a great distortion in the two values obtained for the Bragg-
wavelength. 
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Figure 6.6: Measured and mathematically smoothed Bragg-function 
It can be concluded from this first example, notwithstanding the poor quality of the 
measured Bragg-spectra and inherently induced faults, that the Bragg-wavelengths 
are in very good agreement with the pressure applied to the vessel.  Due to the large 
influence of noise on the signal, several (parts of) experimental results could not be 
used to extract reliable information. 
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6.2.3 Static experiments 
The experiments classified as static experiments are tests in which the pressure in 
the vessel is slowly built-up to a certain level and kept at this level for a longer 
period of time.  Afterwards the pressure was released or was brought to a second 
(higher) pressure level.  These experiments represent typical load cases of in-service 
vessels (filling and emptying, constant pressure, …). 
A first example of a static experiment in which the pressure is built up to 5 bar and 
again released after a period of time is shown in Figure 6.7.  The Bragg-wavelength 
has been extracted as the mean value of the two 3dB-values. 
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Figure 6.7: Static experiment on pressure vessel; Bragg-wavelength and applied pressure are given in function 
of time. 
The variation of Bragg-wavelength in time corresponds almost perfectly to the 
change in applied pressure during the entire course of the experiment.  This is even 
clearer from Figure 6.8 where the Bragg-wavelength is shown in function of the 
applied pressure.  A trend line has been calculated via linear regression and is also 
drawn on the figure.  The regression coefficient R² = 0,995 indeed indicates a very 
close linear relationship between the two quantities. 
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Figure 6.8: Bragg-wavelength in function of applied pressure; results show an excellent linear relationship. 
A second example of a static experiment is given in Figure 6.9.  The experiment 
consists of a succession of two static tests.  First the pressure is built up to a level of 
8 bar, and after a certain period of time the pressure is released and again built up, 
now to a level of 16 bar. 
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Figure 6.9: Results of a second type of static pressure t est on a composite vessel.  A second level of 16 bar 
follows a first pressure level of 8 bar. 
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The similarity of the applied pressure history and the recorded Bragg-wavelengths is 
again excellent.  An overall linear dependency of the Bragg-wavelength on the 
applied pressure is very clearly illustrated on Figure 6.10. 
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Figure 6.10: Bragg-wavelength in function of applied pressure; results show an excellent linear relationship. 
6.2.4 Quasi-static (or slowly varying dynamic) experiments  
During these experiments, the load applied to the pressure vessel consists of a 
cyclically varying pressure history.  In Figure 6.11 an example of such an experiment 
is given.  The reasons why the pressure cycle is not a perfect sine wave and why the 
pressure does not drop to zero are already discussed above (see 6.2.2). 
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Figure 6.11: Results of slowly varying periodical pressure cycle applied to a composite vessel.  A maximum 
pressure of 5 bar is reached. 
The Bragg-wavelength is again in very good correspondence with the applied 
pressure.  There is also again an excellent linear relationship between wavelength 
and pressure as shown in Figure 6.12. 
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Figure 6.12: Bragg-wavelength in function of applied pressure; results show an excellent linear relationship. 
A close observer will indeed have noticed that in all experiments discussed above, 
there is a very good linear relationship between applied pressure and measured 
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Bragg-wavelength, but that, at the other hand, there is a difference in the 
mathematical expressions of the trend lines.  These equations are summarized here, 
in the same order as the experiments discussed above: 
1553,583 0,073
1553,940 0,040
1553,580 0,071
B
B
B
p
p
p
l
l
l
= +ì
ï
= +í
ï = +î
 (6.1) 
Obviously the first and third relationship can be considered to be the same, certainly 
if one takes into account the quality of the Bragg-signals and the necessary 
mathematical smoothing techniques used to calculate the peak-wavelength.  The 
second equation however is clearly seriously different.  This can be attributed to the 
fact that the experiments corresponding to equation 1 and 3 and the experiment 
corresponding to equation 2 have been performed on two different pressure vessels 
respectively.  The response of an embedded sensor is indeed dependent on the exact 
depth and orientation in the composite material, and on fabrication parameters such 
as fibre volume fraction, amount of resin, applied pre-tensioning and cure cycle, 
which all affect the resulting mechanical material properties.  Generally, some of 
these fabrication parameters can vary reasonably between production runs.  From 
this, it follows that it is necessary that, for practical applications, a calibration of the 
full sensing system is carried out and that a monitor system is very useful in a 
correct assessment of the mechanical behaviour of the structures. 
Equation (6.1) gives the dependency of the Bragg-wavelength of an embedded sensor 
on the applied pressure in a composite vessel.  More important are however the 
strains that have been measured.  The variation in Bragg-wavelength is transformed 
to a variation in strain on the basis of equation (3.14).  For the sensors used, the 
Bragg-wavelength in unloaded condition had been determined as approximately 
1555 nm [3].  The strain-optic coefficients, relating the relative shift in Bragg-
wavelength to the applied axial strain, of these sensors were not previously 
determined but it can with reasonable certainty be estimated that P = 0,22 [3].  With 
these values, the variation in strain can be calculated from the variation in 
wavelength, as follows: 
1
15551 0,22
l
e
D
=
-
 (6.2) 
A variation in wavelength of 0,04 nm therefore means a strain variation of 33 me , 
and 0,07 nm change corresponds to 58 me .  A quantitative validation of these results 
is not yet discussed in this paragraph, herefore the reader is pointed to paragraph 
6.3.3. 
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6.3 DEFORMATION MONITORING BY MEANS OF 
SURFACE-MOUNTED BRAGG-SENSORS. 
6.3.1 Experimental test set-up 
Optical fibres with Bragg-sensors have then been surface-mounted by the author 
onto exisiting composite pressure vessels; as described above the Bragg-sensor is 
oriented following the hoop winding and positioned at the middle of the cylindrical 
part.  The experimental test set-up described in the previous paragraph has been 
modified; the main changes are described hereunder.  The optical spectrum analyser 
has been replaced by the commercial demodulation instrument FOGSI FLS3100 
and has been positioned in the test-room, so a ‘local’ test set-up was created (see 
also Chapter 4).  The controlling software has been entirely rewritten.  The program 
fulfils the following tasks: definition of the parameters of the wanted pressure cycle 
(choice between static or cycling following a sine, triangle or square wave, or input 
from file), measurement of pressure, steering of the pressure valves, measurement 
of the Bragg-signals and possible strain gauges, visualisation of the state of the 
valves and the recorded signals, and storage of results.  A screenshot of the user 
interface is shown in Figure 6.13 and a schematic representation of the implemented 
pressure installation is shown on Figure 6.14.  For every electronic valve, there is a 
manual valve placed in series for security reasons.  
  
 
Figure 6.13: Screenshot of the software programmed in LabVIEW for steering of the experiments on composite pressure vessels.  The red blocks are used for input of 
parameters involving the control of the pressure and steering of the valves.  The blue parts visualize the state of the valves and the measured signals (pressure and Bragg-
signal). 
  
 
Figure 6.14: Schematic overview of the experimental set -up implemented for pressure testing of composite vessels.
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The experiments discussed hereunder are chosen because they are first of all 
representative for all the conducted tests and they clearly illustrate the possibilities 
of monitoring through the use of optical fibre sensors. 
6.3.2 Response to sudden events during ‘manual’ experiments 
Two examples are given of so-called ‘manual’ experiments.  During these 
experiments the steering program is set in ‘manual valve control’ so that the 
electronic valves are continuously opened and thus the manual valves can be used 
for pressure control.  Off course, pressure and Bragg-strain are continuously 
recorded throughout the experiments. 
The first example is given in Figure 6.15; pressure on the water buffer is built-up to 
approximately 6,75 bar (limited by the throttle valve) by gradual opening of the 
inlet-valve.  The indicated initial pressure of 0,1 bar has in fact no physical meaning; 
this value is obtained due to a negative off-set in the voltage signal of the pressure 
transducer and the fact that the data-acquisition-card has been initialised for 
measurements between 0 and +10 Volt.  At three moments during the experiment, 
the outlet-valve is deliberately (abruptly and partially) opened with the inlet-valve 
also kept open, which results in the three sudden drops in pressure.  At the end of 
the experiment the inlet-valve is closed and the pressure is partly released through 
opening and closing of the outlet-valve. 
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Figure 6.15: First example of a pressure test on composite pressure vessel during which the pressure is applied 
through manipulation of the mechanical valves.  The left figure shows the history of applied pressure and the 
corresponding Bragg-strain is given on the right figure.  The remarkable correspondence is emphasized by the 
marked events A and B. 
It can directly be noted that there is an overall excellent correspondence between 
applied pressure and measured Bragg-strain, indicating a linear response of the 
deformation of the vessel to the applied pressure (see also Fout! Verwijzingsbron 
niet gevonden.).  More remarkable is the fact that the sudden drops in pressure are 
clearly indicated by the Bragg-sensor, indicated by event A.  It should be noted that 
the first two drops are only 0,15 and 0,25 bar in magnitude and 1 and 2 seconds in 
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duration!  This is certainly a great advantage when considering the Bragg-sensor to 
be used as monitoring instrument.  The reduction in applied pressure, and even the 
‘pit’ in the pressure signal when the valve is entirely closed, are perfectly transferred 
to the Bragg-response (indicated by event B).  A critical observer could notice that 
when the third pressure drop occurs, the Bragg-strain does not decrease in the same 
ratio as does the pressure, compared to their respective initial values.  This should 
probably be attributed to the inertia of the system; the pressure is measured on the 
pressurized-air-line in the direct neighbourhood of the valves whereas the Bragg-
sensor measures the deformation of the vessel connected to the water reservoir 
through a water conduit of a few meters.  It takes a certain moment of time until a 
pressure difference above the water buffer is entirely transferred to the vessel, 
certainly because the inner diameter of the (last part of) the water conduit is only 6 
mm. 
The results of a second experiment are illustrated on Figure 6.16; now the inlet-valve 
is abruptly opened and after a few tens of seconds, the pressure is entirely released 
through opening of the outlet-valve.  The same remark with respect to the apparent 
offset in pressure measurements as for the previous experiment is made. 
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Figure 6.16: Second example of a pressure test on a composite pressure vessel during which the pressure is 
applied through manipulation of the mechanical valves.  The left figure shows the history of applied pressure 
and the corresponding Bragg-strain is given on the right figure.  Two remarkable events A and B are spotted. 
The measurements of Bragg-strain correspond again very well to the pressure 
measured in the air volume above the water buffer.  Only at the beginning of the 
cycle, when the inlet-valve is abruptly opened, a deviation in the course of both 
signals can be noted; this is indicated on the figures as event A.  This should be 
attributed to the same reason as mentioned in the discussion on the previous 
experiment, i.e. the inertia of the system.  It can even be seen that the same inertia 
holds for the pressurized-air-line; due to the abrupt opening of the valve, the 
pressure immediately (within 0,25 seconds) reaches a value of approximately 1,7 à 
1,8 bar but it then takes a few seconds before the pressure starts to increase further. 
A second reason for the retardation in time of the Bragg-strain with respect to the 
applied pressure is the inherent visco-elastic behaviour of the composite material.  It 
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takes a certain amount of time (however very short) before the composite structural 
element reaches a state of equilibrium after the first pressure has been applied.  One 
could also note that there is a difference in course of the two signals at the end of 
the experiment (denoted event B) and that the decrease in Bragg-strain slows down 
at the very end.  This can again be attributed to the reasons mentioned above, i.e. 
the inertia of the pressure system (water buffer and conduit) and the visco-elastic 
behaviour of the composite material.  Slowing down of the decrease in Bragg-strain 
and pressure is a physical evident phenomenon due to the fact that the driving force 
for these decreases – i.e. the pressure difference between atmosphere and the fluid 
in the vessel - diminishes.  It should be emphasized at this time that finally the strain 
goes perfectly back to its initial value. 
6.3.3 Monitoring of in-service pressure vessels 
The tests discussed hereunder are all fully automated experiments; this to reflect as 
much as possible the state of real in-service composite vessels.  The manual valves 
are opened and the electronic valves are steered by software in order to obtain a 
pressure history above the water buffer in agreement with the programmed pressure 
cycle.  These programmed cycles can be divided in three types: sine-shaped, triangle-
shaped and square-shaped.  The offset, the amplitude and the frequency of these 
cycles are to be input by the operator.  In the following paragraphs, a representative 
experiment will be given for each cycle type, longer term monitoring will be 
considered, as well as some experiments in which some unexpected events occurred. 
6.3.3.1 Sine-shaped pressure cycle 
The first experiment discussed is one in which a sinusoidally varying pressure cycle 
has been programmed with an offset of 4 bar and an amplitude of 4 bar resulting in 
a programmed pressure cycling between 0 and 8 bar.  On Figure 6.17 the 
measurements of Bragg-strain and pressure above the water buffer recorded during 
this experiment are shown.  For clarity of the illustration, the two readings are not 
drawn overlapping but a small shift is introduced.  Measurements were performed 
every 10 seconds, resulting in a representation of each signal period by 40 data 
points. 
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Figure 6.17: A pressure cycle following a sine pattern programmed to vary between 0 and 8 bar is applied to 
the composite vessel.  The representations of Bragg-strain and applied pressure are shifted for clarity of the 
figure. 
The pressure signal (in full line) measured corresponds well to the programmed 
cycle; a sine-shaped pattern can be observed with a starting value of 4 bar and a 
maximum value of 8 bar.  The pressure is not fully released to atmosphere pressure, 
but a minimum value around 0,7 bar is obtained with an obvious slowing down of 
the decrease in pressure.  As mentioned higher, this is due to the fact that at the end 
of the experiment, the driving force for the lowering of the pressure (difference 
between atmosphere and the pressure in the water reservoir) becomes smaller.  This 
fact is further enhanced due to the reason that a noise filter has been pushed into 
the air conduit, forming a physical obstacle, in order to reduce the very unpleasant 
high whistles when the outlet-valve is opened and air escapes through the small-
diameter conduit. 
The strains measured with the Bragg-sensor indicated by the dashed line correspond 
perfectly to the pressure signal during the whole experiment.  In fact, by 
manipulation of the ranges of both y-axes, the signals can be forced to overlap in 
such a way that almost no distinction can be made. 
6.3.3.2 Triangle-shaped pressure cycle 
The second type of programmed pressure cycle illustrated is a triangle-shaped 
pattern cycling periodically between 0 and 6 bar, illustrated on Figure 6.18.  
Frequency of the signal and number of data points correspond to the values of the 
previously discussed experiment.  The courses of measured Bragg-strain and 
pressure in the water reservoir indeed reflect very well the programmed triangle-
shaped pressure and the mutual correspondence is remarkable.  The effectively 
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applied pressure differs from the programmed values in that the pressure is not fully 
released to atmosphere; the reasons herefore were already discussed above. 
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Figure 6.18: A pressure cycle following a triangle-pattern programmed to vary between 0 and 6 bar is 
applied to the composite vessel.  The representations of Bragg-strain and applied pressure are shifted for clarity 
of the figure. 
6.3.3.3 Square-shaped pressure cycle 
During the third type of experiment series, pressure cycles following a square-
pattern have been programmed.  The experiment illustrated on Figure 6.19 was 
steered by a square-patterned pressure history cyclically varying between 0 and 4 bar.  
Again the measured Bragg-strain is in perfect correspondence with the pressure 
effectively applied to the water buffer.  The pressure rapidly rises to the 
programmed maximum value and maintains very well this constant value.  The small 
ripple on the pressure signal, and correspondingly on the strain signal, reflects rare 
(electronic) manipulation of the inlet- and outlet-valve in order to keep the pressure 
within the programmed limits (+/- 0,05 bar). 
This type of experiments clearly illustrates that the decrease in pressure is obstructed 
by the noise filter pushed in the air conduit and that this decrease slows down when 
the pressure in the water reservoir gets closer to atmosphere pressure.  Only a few 
seconds before the programmed pressure changes from zero to its maximal value, 
the effectively applied pressure reaches atmosphere. 
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Figure 6.19: A pressure cycle following a square-pattern programmed to vary between 0 and 4 bar is applied 
to the composite vessel.  The representations of  Bragg-strain and applied pressure are shifted for clarity of the 
figure. 
6.3.3.4 Long-term pressure cycle 
The experiments discussed above (and also the similar experiments not graphically 
shown) all indicate an excellent response of the Bragg-sensor to the pressure applied 
to the water buffer connected to the vessel.  As could be observed from the graphs 
illustrating the experimental results, these experiments are all just a few minutes in 
duration.  When one thinks of real-world applications, longer durations should be 
considered.  A chemical process (of which the reactions find place in a vessel) for 
example will typically last for a few hours or even days.  A pressure vessel serving as 
the source of the pressurized-air conduit in a fabric hall will typically undergo slowly 
varying pressures due to consumption of pressurized air and filling in response 
when a minimum value is reached. 
Therefore also a longer term monitoring experiment has been performed.  During 
this experiment the pressure history has been programmed to vary sinusoidally 
between 2 and 6 bar.  The total experiment time is 3,5 hours and one cycle takes 1 
hour and 23 minutes (frequency of the programmed cycle is 0,0002 Hz).  Measured 
values of Bragg-strain and applied pressure are illustrated on Figure 6.20.  These 
values have been measured every 10 seconds. 
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Figure 6.20: Example of a long-term monitoring experiment. A pressure cycle following a sine-pattern 
varying between 2 and 6 bar is applied during 3 hours.  The representations of Bragg-strain and applied 
pressure are shifted for clarity of representation. 
The pressure cycle measured at the water reservoir indicates a perfect sine-shape 
and is in excellent agreement with the programmed cycle.  Also the course of the 
Bragg-strains measured indicates a perfect sine-patterned pressure cycle, as could be 
expected from the results of the previously discussed experiments.  By manipulation 
of the ranges of the two y-axes, the signals can be forced to overlap perfectly!  This 
indicates an extra advantage of the measurements done by means of the Bragg-
sensors, namely the stability of the Bragg-signal over longer periods of time, which 
undoubtedly is an extra point in favour of this sensor technique when monitoring of 
real-world in-service structural elements are considered. 
6.3.3.5 Experiments with unexpected events 
During three of the experiments within the series under discussion in this 
paragraph, some unexpected events occurred.  With unexpected is meant ‘not within 
the intention of the operator’.  These experiments are graphically shown in Figure 
6.21, Figure 6.22, and Figure 6.23. 
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Figure 6.21: A pressure cycle following a triangle-pattern programmed to vary between 0 and 8 bar is 
applied to the composite vessel.  During the first two cycles, the tops of the c ycles are truncated because the 
maximum pressure had been restricted to approximately 7 bar by the throttle valve.  The representations of 
Bragg-strain and applied pressure are shifted for clarity of the figure. 
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Figure 6.22: A pressure cycle following a square-pattern programmed to vary between 0 and 8 bar is applied 
to the composite vessel.  Two events are marked: manipulation of the controlling software (A) and leakage of 
inner balloon (B).  The representations of Bragg-strain and applied pressure are shifted for clarity of the 
figure. 
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Figure 6.21 illustrates an experiment in which the pressure cycle had been 
programmed to vary periodically between 0 and 8 bar following a triangle-pattern.  
However, during the first two cycles the maximum value of 8 bar is not reached and 
the triangles are truncated.  This could not be attributed to a fault in the program or 
mal-functioning of one of the electronic valves.  It was found that the throttle valve 
had been adjusted to reduce the pressure from the compressor to approximately 7 
bar during the previous experiment and that this had not yet been adjusted.  After 
adjustment, the pressure is again allowed to go up to the desired value of 8 bar.  
This ‘fault’ in the conditions of the test set-up could naturally be detected by 
monitoring the pressure vessel through the use of the pressure transducer as well as 
by the Bragg-sensors.  On Figure 6.22 two remarkable events can be seen, 
respectively denoted as A and B.  The first event (A), a sudden drop in pressure, has 
obvious consequences on both the measured pressure and the measured Bragg-
strain.  At the end of the experiment a sudden drop in the measured Bragg-strain 
can be noted (B) whilst the measured pressure remains constant, which alarmed us 
to stop the experiment.  Afterwards, it was observed that the inner rubber balloon, 
which serves as a watertight protective layer, had a minuscule hole in it, through 
which water leaked.  The resultant drop in pressure inside the pressure vessel can 
immediately be found from the decrease in deformation.  However, the electronic 
pressure transducer did not see this drop in pressure.  This is due to the fact that 
there remains a continuous delivery of compressed air to the water reservoir holding 
the pressure at the wanted value.  Obviously, monitoring on the structure itself is 
very advantageous!  Just think of what could happen when a pressure vessel with 
chemically aggressive products could be leaking. 
The strain and pressure histories shown in Figure 6.23 are the results of a long-term 
monitoring experiment with an entire duration of 6 hours.  Readings of Bragg-strain 
and applied pressure are recorded every 30 seconds.  A sinusoidally varying pressure 
cycle has been programmed with amplitude varying between 6 and 10 bar.  The 
recorded pressure history indeed indicates this programmed course but after a few 
minutes a very large ripple on the signal can be noted.  It was soon supposed – 
through monitoring with the human ear – that this could be attributed to 
malfunctioning of the inlet-valve.  This supposition was confirmed after an 
investigation of this valve (after the experiment) which lead to the conclusion that 
the electromagnetic ventile inside the valve did not close immediately after the 
steering voltage had been removed, but that the closing took some time due to dirt 
in the valve.  This means that during this period of time (sometimes a few seconds), 
the composite vessel is directly connected to the compressor.  (The throttle valve 
was removed from the test set-up because it would have reduced the pressure from 
the compressor to a value somewhere in between 9,5 and 10 bar.) 
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Figure 6.23: A long-term monitoring experiment following a sine-pattern programmed to vary between 6 and 
10 bar.  Due to malfunctioning of the inlet -valve, the pressure course is very freakish. 
It is however encouraging that these pressure pulses were very well detected by the 
Bragg-sensor.  Indeed the ripple in the Bragg-signal is just similar to the one in the 
pressure signal. 
6.3.3.6 Summary of all experiments discussed above 
The results of all experiments conducted on one composite pressure vessel are 
summarized in Figure 6.24.  This figure shows the absolute Bragg-strain with respect 
to the pressure applied during the experiments.  The absolute Bragg-strain is defined 
as the Bragg-strain compared to the initial state of the fibre sensor, which is taken as 
the state of zero strain, as defined by the supplier.  Absolute Bragg-strain is thus a 
direct measure for the Bragg-wavelength of the sensor. 
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Figure 6.24: Summary of Bragg-strain in function of applied strain for all conducted experiments. 
Approximately 2500 numerical values –corresponding with a total of 20 
experiments- are used as data points in the figure.  It can be concluded that the 
deformation of the pressure vessel, measured by means of a Bragg-sensor in the 
peripheral direction, is excellently linearly related to the pressure applied to the 
composite vessel.  The numerical expression of this relation –obtained via a linear 
regression – is shown on the figure; the corresponding residual standard error (R² = 
0,99) clearly indicates the validity of this linear approximation.  The residual 
standard error is calculated as only 6,2 microstrain, which is close to the absolute 
accuracy of the demodulation instrument (~5 microstrain)! 
The obtained strain values can now be compared with the results obtained in 6.2.3 
and 6.2.4.  There it has been calculated that for a variation of 1 bar in internal 
pressure, the expected strain variation is 33 me  and 57 me  for two different pressure 
vessels, the first of which has been used during the experiments discussed in these 
paragraphs.  Finite-element-simulations, which are discussed in more detail in 
paragraph 6.4.3, indicate that the variation in strain over the thickness of the outer 
peripheral winding is restricted to less than 1 %. 
The perfect correspondence of the strain variation measured with the embedded Bragg-sensor and the 
surface-mounted one should thus not be unexpected, but is in fact very remarkable seen the relative 
large time difference in between the experiments (more than one year), the fact that two different 
sensors have been used (one with a central wavelength of 1555 nm and another with a central 
wavelength of 1308 nm) and that different demodulation techniques were used (optical spectrum 
analyser and commercial demodulation instrument based on a filtering technique)!  The 
correspondence in these results in fact also indicates that the embedded sensor is, as implicitly 
assumed, subjected to (almost) pure axial loading. 
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The experiments summarized in the above figure have been conducted during a 
time span of several days.  The experiments have been performed in a discontinuous 
way; the demodulation instrument was regularly shut down and the optical fibres 
were uncoupled in between experiment sessions.  The fact that all measurement 
points are located in a small band illustrates perfectly the absoluteness and 
repeatability of measurements with Bragg-sensors.  It has finally to be noted that the 
applied pressure was not measured directly in the vessel but on the air-conduit.  
Direct measurement of the water pressure in the composite vessel would certainly 
further reduce the scatter in Figure 6.24. 
6.4 EXPERIMENTAL COMPARISON BETWEEN 
BRAGG-SENSORS AND ELECTRICAL-RESISTANCE 
STRAIN GAUGES  
6.4.1 Experimental test set-up 
For the experiments discussed here, yet another type of test set-up has been 
implemented because of the higher pressures needed.  The composite pressure 
vessel is directly connected to a manually operated membrane pump.  The working 
principle of this pump type can be described as increasing the pressure inside the 
element under test by continuously  ‘pushing’ little volumes of water inside that 
element by an up an down striking membrane.  This test set-up was originally 
established to conduct a burst test, i.e. determination of the burst pressure of the 
composite vessel.  For safety reasons (the operator and the instrumentation should 
be at a large distance of the pressure vessel in case it bursts), the vessel was 
connected with the pump through a conduit of several meters.  All instrumentation 
was positioned in the neighbourhood of the operator so that the progress of the test 
could be followed on-screen.  A mechanical valve was also installed in the water 
conduit in order to be able to uncouple the vessel from the water pump.   
One or two electrical-resistance strain gauges were glued on the composite shell of 
polymerised vessels.  The strain gauges were put close to the Bragg-sensor,with 
gauge 1 oriented parallel to the Bragg-sensor and gauge 2 perpendicularly. 
Pressure, Bragg-signal and strain gauge readings were performed at a sampling 
frequency of 1 kHz.  An acoustic emission detector has also been installed on the 
vessel and its signal was made audible through a transducer, with the intention of 
relating acoustic emission events with the development of damage (e.g. due to 
matrix cracking). 
6.4.2 Experimental results and discussion. 
For a first representative experiment, the measured pressure is illustrated in Figure 
6.25. 
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Figure 6.25: Applied pressure measured during a pressure experiment on a composite pressure vessel.  
Oscillations in the signal are due to membrane strikes.  The sudden drop in the signal is not caused by 
bursting of the vessel, but is due to leakage of the inner rubber balloon. 
The irregularity is due to the fact that the pressure is measured in the close 
proximity of the membrane pump and it is therefore heavily influenced by pressure 
variations caused by the membrane strikes.  The pressure transducer immediately 
feels the influence of the entire extra water volume through a connection with a 
diameter of 6 mm.  Inside the pressure vessel the influence of the strikes will of 
course be much smaller due to weakening as it travels through the long conduit, but 
mainly due to the compliance and the volume of the vessel itself.  The measured 
pressure of Figure 6.25 was in good agreement with visual observations on the 
manometer positioned in close proximity of the electronic pressure transducer.  This 
manometer was filled with glycerine which reduced the back and forth oscillation of 
the indicating arrow to a large extent.  The final pressure reached during the 
experiment was around 35 bar.  A sudden drop in the pressure signal can be noted.  
This decrease of the pressure is not due to bursting of the pressure vessel, but due 
to a sudden leakage in the inner rubber balloon. 
The Bragg-strain measured during this experiment is illustrated on the next figure. 
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Figure 6.26: Recorded Bragg-strain during the same pressure experiment on a composite pressure vessel. 
Its course is highly similar to the pressure signal in Figure 6.25, indicating a sudden 
decrease in deformation at the moment the rubber balloon leaked.  The Bragg-signal 
shows further an initial consolidation of the deformation around an equilibrium 
state, followed by a return to the initial state.  At this point, the maximum strain 
value reached (0,12 %) should be noted as well as the perfect return of the Bragg-
signal to its initial value indicating the elastic behaviour of the composite vessel.  A 
strain value of 1200 me  corresponds to an approximate pressure of 36 bar when the 
strain dependence on pressure is taken into account and linear behaviour up to this 
pressure value can be supposed.  This is indeed exactly the value measured by means 
of the pressure transducer! 
The strain history measured by means of a parallel electrical resistance strain gauge 
is in very good correspondence with the Bragg-strain as can be seen from Figure 
6.27.   
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Figure 6.27: Strain measured by means of an electrical-resistance strain gauge during the same pressure 
experiment on a composite pressure vessel. 
Again the fast increase in deformation can be noted, followed by an even faster 
decrease at the moment of leakage, an equilibrium state and a return to the initial 
state.  The behaviour of the electrical resistance strain gauge is much better than the 
preliminary results reported in [5].  There, the strain-gauge readings were obtained 
by discontinuous sampling (every 10s a measurement was performed) of the signals, 
by which electrical-resistance strain gauges are indeed not well suited.  The 
maximum value of the strain is here equal to 0,11% thus some 10% lower than the 
Bragg-strain.  This can be called a fair agreement. 
The equilibrium state noticed in Figure 6.26 and Figure 6.27 is due to the fact that at a 
certain moment (i.e. a certain internal pressure) the water volume that enters the 
vessel is equal to the water volume squirting from the leakage in the rubber balloon.  
When the mechanical valve in the water conduit was closed, at about 32 - 33 
seconds, the deformation goes eventually back to zero as water further escapes from 
the vessel. 
The above discussions confirm previous findings, i.e. the feasibility of Bragg-sensors 
as monitoring technique, but now up to higher strain levels.  It becomes even more 
interesting when attention is drawn to specific parts of the signal.  A zoom on a 
period during the increase in pressure and one during the equilibrium state after the 
sudden decrease in pressure are illustrated in Figure 6.28 and Figure 6.29. 
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Figure 6.28: Detailed view on part of the signals shown in Figure 6.26 and Figure 6.27.  The strains 
obtained by the Bragg-sensor and the strain gauge are shown during the increase in  pressure. 
 
Figure 6.29: Detailed view on part of the signals shown in Figure 6.26 and Figure 6.27.  The strain 
obtained by the Bragg-sensor and the strain gauger are shown during the equilibrium state following the 
sudden decrease of the pessure due to leakage of the inner balloon. 
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These two figures indicate that the measured strain signals obviously reflect the 
strokes of the membrane pump – a frequency of 6 Hz can be noticed – very well.  
Bragg-strain and strain measured with the strain gauge show the same variation in 
time with a mutual offset of approximately 20 à 30 microstrain.  Very interesting is 
the resolution of the measurements performed by means of the Bragg-sensor.  A 
signal of only 25 microstrain in amplitude is very accurately represented by the 
Bragg-readings whilst the strain gauge readings exhibit obviously lower resolution.  
The resolution of the Bragg-strains is determined to be less than 1 microstrain, 
which in fact  corresponds to the resolution of the demodulation instrument, and 
the obtained resolution of the strain gauge readings is ~ 7 à 8 microstrain. 
The experiment discussed above has twice been repeated with new balloons that 
again began to leak (at other pressure values).  Study of the measured signals lead to 
exactly the same findings! 
Figure 6.30 and Figure 6.31 show results of other experiments (with two classical 
strain gauges) during which the strain-signals were recorded at a sampling frequency 
of 100 Hz.   
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Figure 6.30: A comparison of Bragg-strains and measurements from classical electrical-resistance strain 
gauges for a pressure test on a composite vessel.  An offset can be seen in the signal of strain gauge 2 at the 
end of the experiment. 
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Figure 6.31: Bragg-strains are compared with measurements from classical resistance strain gauges for a 
pressure test on a composite vessel.  Offset and drift can be seen in the signals of both strain gauges. 
Very good agreement between the measured Bragg-strain and the strain measured 
with the parallel classical gauge can be noted on Figure 6.30.  Both signals show the 
same global variation in time and they indicate both the moments of transient 
phenomena.  For example, a small hitch in the rising part of the pressure signal can 
be distinguished in both signals; this hitch is most probably due to setting of the 
aluminum end-piece used to connect the pressure vessel to the water conduit.  After 
the membrane pump is stopped, both strain readings return almost perfectly to the 
same value (the difference is less than 5 microstrain!).  The difference in magnitude 
of the strain readings is somewhat more proncounced at the maximum values.  The 
maximum Bragg-strain is approximately 670 me  and the maximum value of the 
strain gauge readings is approximately 630 me .  This is not attributed to drift in one 
of the signals because of the fact that they indeed go back to perfectly the same 
value.  The difference is therefore to be sought in small differences in placement of 
the gauges (height, orientation) and possible uncertainties on the gauge factors.  
Previous observations confirm these assumptions. 
In fact, also the perpendicular strain gauge exhibits a similar time-dependent 
behaviour, with somewhat lower values of strain, which is completely in accordance 
with results obtained from finite-element-simulations (these are very shortly 
discussed in paragraph 6.4.3).  Just before the end of the experiment (at 
approximately 112 seconds) however an unexpected offset of almost 200 me  in the 
strain gauge reading is detected.  This cannot be attributed to a physical 
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phenomenon and is therefore attributed to a sudden offset in the output voltages of 
the strain gauge. 
A more detailed look at all three signals indicate again a better resolution of the 
Bragg-sensor compared to the classical strain gauges. 
Figure 6.31 illustrates a similar experiment, in which a higher deformation of the 
pressure vessel was applied (with the rubber balloon leaking at a higher pressure).  
Some remarkable events occurred during this test.  The beginning of the experiment 
is marked by a sudden offset in the strain gauge readings followed by a very freakish 
signal; the very large rimple that can be noted in the strain gauge readings, is not at 
all apparent in the Bragg-strains.  Investigation of the numerical values learns that 
this rimple cannot be attributed to low resolution, as is also visually clear from the 
readings of the strain gauges just before the increase in pressure.  Up to now, it is 
not clear to what the large scatter in the strain gauge data are to be attributed.  The 
rate of increase in deformation measured by the Bragg-sensor is well reflected in the 
readings from gauge 2, but not at all by gauge 1, where a sudden increase in the data 
can be noted.  It should also be remarked that the strain gauge data show a sudden 
drop, to the same level of the Bragg-strain, just before the increase in deformation.  
The sudden drop in strain after leakage of the inner balloon is followed by an 
equilibrium state of deformation (see also the first experiment discussed), reflected 
in the Bragg-readings.  After a period of time the deformation increases due to 
acceleration of the membrane strokes (manually controlled) and a new equilibrium 
state is obtained.  After stopping of the membrane pump the Bragg-strain goes 
perfectly back to its initial zero-value.  All these phenomena are not at all clear from 
the strain gauge readings.  Small and larger drifts in these signals can be noticed 
during the equilibrium states and the signals do not return to their initial zero-state. 
The Bragg-sensor obviously proves to be a much more reliable sensor than are the 
classical strain gauges.  It should be emphasized that the configurations of the data-
acquisition-card had not been changed in between the experiments, and that 
aberrations in the strain-gauge readings are thus not attributed to changes in these 
settings. 
6.4.3 Finite-element-simulations 
The type of composite pressure vessel used in the above experiments has been 
modelled an its mechanical behaviour under the influence of an internal pressure 
been simulated by means of the finite-element software package SAMCEFTM.  In 
this paragraph a very brief description is given. 
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Figure 6.32: Representation of model used for finite-element simulations of a composite pressure vessel.  On 
the left figure the undeformed mesh is shown, and on the right figure the deformation under an internal 
pressure of 10 bar is shown with the deformations scaled x 100. 
Every winding is represented, through the thickness, by two elements of the second 
degree.  The mesh is locally refined at the poles in order to accurately model the 
variation in winding angle.  The aluminium end-piece –used for interconnection 
with a water conduit- is also roughly modelled because it transfers some forces onto 
the composite shell.  Material properties used in the calculations are these 
summarized in Table 6-3.  The polar windings are modelled as woven laminates, 
whilst the hoop windings are modelled as a unidirectional laminate.  A linear elastic 
analysis technique has been used throughout the simulations.  The resultant 
deformation of the pressure vessel subjected to an internal pressure is illustrated on 
the right of Figure 6.32, where for clarity reasons the deformations have been 100 
times increased.  The orthotropic strain tensor has been calculated for all elements, 
the resultant component of the strain along the fibre direction is illustrated in Figure 
6.33. 
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Figure 6.33: Simulated strain in the direction of the reinforcing fibres using the FEM-software 
SAMCEFTM. 
6.5 DAMAGE AND DEFORMATION MONITORING 
THROUGH COMBINATION WITH ACOUSTIC-
EMISSION DETECTION 
6.5.1 Preparation and set-up of experiments. 
An optical fibre with Bragg-sensor has again been embedded into a newly fabricated 
composite vessel during the winding process, in between the two outermost (hoop) 
windings, positioned a few tens of millimeters above the middle of the cylindrical 
part.  Instead of using a rubber balloon, a waterproof liner is applied to the inner 
composite shell making use of liquid latex rubber. 
For this burst pressure experiment, smooth pressure rising has been applied.  
Besides an embedded optical fibre sensor, the vessel is instrumented with an 
acoustic emmission (AE) detector, installed on the vessel in the neighbourhood of 
the optical fibre sensor. 
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Table 6-4: Description of used equipment for registration of acoustic-emission events. 
AE instrumentation: 
Fabricant 
Transformer 
 
Dunegan/Endevco 
Model 1032 
Pre-amplifier Model 1801-316B 
Transducer Model D9201 – AC66 
 
Acoustic emission events with frequencies ranging from 200 to 400 kHz were 
captured by the combination of transducer and pre-amplifier.  The signals were 
directly made audible through a transformer, with the intention of relating acoustic 
emmission events (in a noisy environment) with the development of damage (e.g. 
due to matrix cracking).  An electronic pressure transducer was installed on the 
pressure conduit between pump and vessel; the pressure signals were made visible 
on an electronic display during the experiment.  In this test, registration of the 
signals from the Bragg-sensor (demodulated by means of the commercial 
instrument FOGSI FLS3100) and the pressure transducer has been performed at a 
sample rate of 100 Hz and the transformed (audible) signals of the AE-transducer 
were recorded at 300 Hz.  It is clearly understood by the author that the sample 
frequency of the transformed AE-signals is too low to get all the information on 
AE-events, but it does allow a real continuous measurement and gives a good 
indication, and validation of the numerical simulations, on the initiation and growth 
of damage during the burst pressure experiment. 
A picture of the pressure vessel with embedded sensor, after the test had been 
performed, is shown on Figure 6.34.  The visible lines in the hoop and polar 
windings indicate the presence of matrix cracks. 
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Figure 6.34: View on a composite pressure vessel with embedded optical fibre Bragg-sensor.  The lines visible 
on the picture indicate the matrix cracks in between the fibres, which occurred during the burst pressure 
experiment. 
6.5.2 Experimental results and discussion. 
The applied pressure was visually observed during the experiment on an electronic 
display.  Pressure was first built up to 10 bar then slowly decreased to approximately 
8 bar (due to natural losses), was again increased to and stopped at 19 bar where it 
rapidly decreased to 16 bar.  Thereafter the pump was put at full power and finally a 
maximum pressure of 46 bar was reached upon which tiny leaks were detected in 
the end-domes of the pressure vessel. 
The strains calculated from the recorded Bragg-signals are illustrated on Figure 6.35. 
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Figure 6.35: Strain measured during a burst pressure experiment by means of the embedded Bragg-sensors 
with indication of events discussed in the text. 
At the start of the experiment it can be seen that the Bragg-sensor is initially, with 
no pressure applied, subjected to a compressive strain of about 95 microstrain (or 
thus approximately 0,01 %).  This initial strain results from the cure cycle the vessel 
has undergone and reflects shrinkage of the epoxy matrix during polymerisation, 
which is transferred to the embedded optical fibre sensor.  The figure clearly 
illustrates the two intentionally imposed tresholds in the applied pressure, followed 
by a decrease in pressure due to natural losses.  At these pressure thresholds, 
absolute strain values of respectively 798 me  and 1667 me  have been measured with 
the Bragg-sensor.  This results in relative strain variations, with respect to the initial 
compressive strain, of respectively 893 me  at a pressure of 10 bar and 1762 me for an 
applied pressure of 19 bar.  This indicates a near excellent linear elastic material 
behaviour of the composite vessel up to these pressure levels.  The variation in 
strain is thus equal to approximately 89 me  per applied bar of pressure in the case of 
this vessel. 
It should be noted that the increase in deformation is very smooth, as a result of the 
gradual and smooth increase in applied pressure.  During the third increase of 
pressure, a small rimple can be detected in the strain signal, as well as two 
oscillations of heavy peaks followed by a sudden decrease in deformation.  This 
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zone is also characterized by a large amount of acoustic activity as can be seen on 
Figure 6.36.  The first visible acoustic event is located at a time of approximately 22,5 
seconds and is indicated by the letter A.  The pressure value at which this first event 
occurred is approximately 15 bar. 
 
Figure 6.36: Recordings of acoustic-emission activity during a burst pressure experiment with indication of 
events discussed in the text. 
Therefore, it is at this point appropriate to discuss the nature of damage in a 
composite vessel and the moment at which this can be expected.  To this end, 
finite-element simulations have been performed [2].  These simulations were 
compared with the experiments and showed to be able to predict the sequence of 
the places where damage occurs and its nature.  At a pressure of approximately 13 
bar little matrix cracks occur in the torispheric bottoms due to stress concentrations.  
The minimal changes in volume corresponding to this damage pattern and the local 
redistribution of stresses in these bottoms do not lead to noticeable changes in 
pressure nor in the mechanical behaviour of the vessel.  The following form of 
damage is the occurrence of matrix cracking in the polar windings of the cilindrical 
part (i.e. at the inner side of the laminate).  This occurs at a pressure of 22 bar and 
causes small but noticeable changes in the pressure signal during an experiment.  
The first matrix crack of the hoop windings (this is at the out-side of the laminate) 
starts at a pressure of approximately 30 bar and further cracks appear at a pressure 
of 33 bar.  These cracks induce severe distortions of the pressure signal due to large 
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volumetric changes.  It should also be remarked that the simulations of an ideal 
vessel (see paragraph 6.4.3) lead to a strain variation of 46 me  per bar pressure. 
From the discussion above it can be expected that the noted damage event at 15 bar 
indeed corresponds with the occurrence of damage, and more precisely the initiation 
of matrix cracks in the polar windings of the torispheric end-bottoms.  The level of 
applied pressure at that moment is indeed very close to the above stated value of 13 
bar.  Acoustic activity is next clearly noticed to begin in the neighbourhood of about 
40 seconds experiment time and could be audibly noticed starting from a pressure 
around 23 - 24 bar till the end of the experiment.  This indicates the onset and 
growth of matrix cracking in the cilindrical part of the polar windings.  The pressure 
level is again in very good correspondence with the value stated above (22 bar) in 
the discussion of the sequence of damage occurences.  This event is indicated on the 
figures by the letter B.  This and following events are further investigated on more 
detailed views of the signal histories, illustrated in the next three figures. 
 
Figure 6.37: Detail of Figure 6.35 for the period from 35 seconds to 45 seconds of experiment time, with 
indication of times at which some remarkable events were noted. 
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Figure 6.38: Detail of Figure 6.36 for the period from 35 seconds to 45 seconds of experiment time, with 
indication of times at which some remarkable events were noted. 
 
Figure 6.39: Detail of Figure 6.36 for the period from 45 seconds to 70 seconds of experiment time, with 
indication of times at which some remarkable events were noted. 
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Event B is marked by small but noticeable acoustic activity on Figure 6.38, and some 
small aberration can be noticed in the signal of the Bragg-sensor (Figure 6.37), 
followed by a few similar discontinuities.  That these aberrations in the deformation 
measurements are not always clearly indicated in the AE-signal, is partly to be 
attributed to the low sample frequency and the different position of the AE-sensor 
with respect to the optical fibre sensor.  During this period indeed some cracks 
could be heard.  These deformation changes indicate that matrix cracks in the polar 
windings further extend to positions in the vessel close to where the sensor is 
located.  The corresponding volumetric changes are so small that these could not be 
seen in the pressure signal.  At event C, larger acoustic activity is detected (with also 
a clear audible indication) and a sudden peak in the pressure signal could be noted.  
This indicates that a damage form has occurred that has a large volumetric change as 
result, causing a sudden drop in the applied pressure.  The pressure value at which 
this is noticed, is about 28 bar.  It can be concluded from the discussion on the 
damage forms above and from clear observations by ‘ear’ and ‘eye’ that now matrix 
cracks start to occur in the outer peripheral windings of the vessel at the top of the 
cilindrical part.  The measured pressure level of 28 bar is indeed again very close to 
the predicted value of 30 bar.  As a result of this crack, also a decrease in 
deformation of approximately 30 me  occurs.  Indeed, due to the circumferential 
cracks, some load-bearing capacity in the axial direction is suddenly lost; therefore 
the vessel will expand in this direction and somewhat ‘relax’ in the circumferential 
direction.   
Two highly remarkable events in the strain-signal are marked as G and H on Figure 
6.37.  Just before event G a very rapid succession of transient strain gradients 
ranging from 50 to 1000 me  in amplitude can be noticed.  These are very probably 
to be attributed to the initiation and growth of matrix cracks in the immediate 
approximity of the sensor’s position.  The fact that the AE-events are not that 
clearly (see Figure 6.38) is again due to the low sampling frequency.  After a second 
series of transient phenomena – see event H – an important decrease in 
deformation (130 me ) can be noticed.  Even more remarkable is that the 
deformation further decreases whilst the pressure further increases.  This is 
attributed to the fact that the amount of matrix cracks has now become so severe 
that the deformation of the vessel is almost entirely transferred to the axial direction, 
whilst in the circumferential direction the material further ‘relaxes’.  This is made 
possible due to the fact that the inner polar windings (oriented at angles of 
approximately 12° and 16° with respect to the cilindrical axis) were already damaged 
at an earlier stage of the experiment, and thus cannot further hold the applied load 
leading to important deformation of the torispheric end-bottoms.  This is confirmed 
by the finite-element-simulations.  It should be noted that the influence hereof was 
already visible in the time period B to H where the increase in deformation slows 
down whilst the pressure further increases at the same rate. 
It can further be noted from Figure 6.39 that at the events D and E discontinuities in 
the form of sudden increases in deformation of approximately 30 me  appear in the 
strain-signals.  These events are clearly located in a zone of very serious AE-events.  
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It can be most probably expected that the growth of existing matrix cracks in the 
polar windings to finally the creation and opening of continuous cracks all around 
the vessel will lead to some elongation in the circumferential direction.  The matrix 
material of the polar windings has lost almost all of its load-bearing capacities and 
the applied pressure is partly transferred to the reinforcing fibres in the windings, 
because these windings have precisely the function to keep the vessel together.  
Around the marked event E the pump was at the end of its capacity and a pressure 
level of 46 bar had been reached.  From Figure 6.35 it can in fact be seen that the 
deformation is already a few seconds at a constant value before the occurrence of 
event E.   
Halfway between events E and F, the measured deformation suddenly starts to grow 
under constant pressure, with a very rapid increase in deformation at event F and a 
decrease in the applied pressure.  At this moment, leakage of the vessel was clearly 
heard and seen and the pump was shut off.  This indicates that the vessel at this 
moment in fact started to ‘burst’, which was confirmed by water leaking from 
several spots at the end domes of the vessel.  It can at this point also be noted that 
the embedded optical fibre sensor has been subjected to large strain values, up to 
approximately 0,3 %, during the experiments, this without loss of proper working. 
At the end of the experiment a permanent deformation due to the large amount of 
damage that has been introduced in the vessel can be noted on Figure 6.35.  The 
absolute value of this deformation is approximately 280 me , leading to a tensile 
strain relative to the initial value at the start of the experiment of 375 me . 
6.6 CONCLUSIONS 
Pressure vessels have been fabricated as representative composite structure.  Optical 
fibres with Bragg-sensor have been successfully embedded in the composite shell 
during the filament winding process, and have also been glued onto polymerised 
vessels.  A wide variety of experiments have been performed and discussed in this 
chapter. 
In a first series of experiments, consisting of static and slowly varying pressure tests 
on vessels with embedded sensors, it was shown that a perfectly linear relationship 
between applied pressure and measured Bragg-wavelength exists.  These 
experiments were performed in a remote set-up. 
A similar series of (fully automated) experiments was conducted with now the 
Bragg-sensors glued on the surface of the composite shell.  The Bragg-sensors were 
also able to detect some unexpected events (indicating the necessity of monitoring a 
composite structure in use).  Long-term experiments showed the stability of the 
Bragg-sensors over longer periods of times.  The absoluteness of measurements 
with Bragg-sensors was shown by combining all experimental results into one 
database. 
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A comparison of the results of both series of experiments showed that independent 
strain measurements with embedded and surface-mounted Bragg-sensors provided 
the same results.   
Comparative measurements with Bragg-sensors and classical electrical-resistance 
strain gauges were also conducted.  The results clearly indicated that Bragg-sensors 
can be much more reliably used for strain measurements of in-service composite 
elements.  Measurements with Bragg-sensors lead to higher resolution of the 
measurements, were perfectable stable in time and always returned perfectly back to 
their initial value upon unloading of the vessel.  This stability was not always noticed 
in the classical strain-gauge signals that were sometimes liable to temporary or 
permanent drift.  The calculated Bragg-strains showed to be 5 to 10  % higher than 
the values determined by the strain gauges, which is in fact a more than fair 
agreement taking into account the somewhat different positions and possible 
uncertainties in gauge factors of Bragg-sensors and strain gauges. 
It can further be concluded from the reported experiments, that Bragg-sensors are 
suited for measurement at higher strain levels, whilst also providing high resolution 
for the determination of small strain variatons.   
The feasibility of a ‘fully monitored’ set-up was clearly illustrated by an experiment 
combining strain monitoring using Bragg-sensors and damage monitoring on the 
basis of acoustic emission.  Strain measurements clearly indicated some damage 
occurences. 
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CHAPTER 7  
 
DEVELOPMENT OF A 
DEFORMATION GAUGE AND A 
LOAD-CELL USING BRAGG-
SENSORS 
In this chapter two developments for structural monitoring 
applications are discussed.  First, the design of a long-gauge-length-
extensometer for the measurement of very small strains in dynamic 
conditions is proposed.  Extensive finite-element-simulations are 
discussed and experimental results are given.  Secondly, the 
optimisation of a load-cell used in fatigue experiments on small 
composite specimens through the use of optical fibre Bragg-sensors is 
discussed.  
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7.1 EXTENSOMETER WITH LONG GAUGE-
LENGTH 
7.1.1 Problem statement [1] 
Modal testing is considered as a valuable tool for the assessment of global structural 
health of large civil structures.  The social relevance of such a technique is obvious; 
with only bridges in mind, the application of vibration monitoring can lead to early 
detection of damage, which can result in significant savings of maintenance costs.  
Moreover the economical loss by a temporary (or definitive) out of use could be 
avoided.  By dynamic monitoring damage can also be localised and quantified, a 
necessary condition to select the most efficient repair method.   
The development of the extensometer is part of a joined research project (partners 
are Labo Magnel, KUL, VUB and KMS), concerning the modal testing of large civil 
structures. 
Up till now the modal testing technique used by the research partner KUL consisted 
in that a shaker was used to get the structure or structural element ‘in motion’ and 
accelerations were measured using classical accelerometers.  In this way one can 
determine the eigenfrequencies and the modal curvatures of the structure under 
consideration, which give valuable information considering its global condition.  
However, for a better interpretation of the results (localisation and determination of 
damage), modal strains are considered to be the most sensitive ‘dynamic system 
characteristic’.    These change considerably in the damaged zones, but are however 
very difficult to measure on existing structures.  Therefore suitable instrumentation 
had to be developed. 
7.1.2 Design considerations 
The extensometer proposed in this chapter has been designed for the measurement 
of modal strains of a large concrete beam with a total length of 17,6 m and a height 
of the cross-section (T shape) of 0,8 m.  For a good characterisation of the degree 
of damage, one needs to measure the modal strains for a sufficient number of modal 
frequencies.  Experiments will be conducted in the frequency range of 0 – 200 Hz 
and modal strains should at least be measured for vibrations up to 50 Hz.  The first 
eigenfrequency of the extensometer should thus be sufficiently higher than the 
cited eigenfrequencies of the concrete beam.  Therefore the extensometer should 
evidently have a high stiffness and a low weight.  However, the greater the stiffness, 
the greater the force needed to transfer the deformation of the structure to the 
extensiometer, imposing difficulties for the attachment of the gauge onto the 
structure. 
In this project it was decided to use small impacts to excite the concrete beam.  The 
deformations of the beam due to an impact by a falling weight were calculated 
using finite-element-simulations by the KUL [2].  In the design stage it had to be 
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assumed that the maximum strain variation is expected to be in the order of 
magnitude of 100 me  and less; a goal of 40 me was postulated.  Off course, the 
deformations have to be measured with sufficiently large resolution.  To obtain a 
reasonable accuracy, also for very small deformations, a resolution of approximately 
0,1 me  should be obtained with the extensometer. 
A long gauge length of the extensometer is wanted such that it spans at least one 
or two cracks of a damaged concrete beam.  This damage will be induced by means 
of static loading experiments.  As already stated above, the variation in the modal 
strains due to damage are the main interest of this research program and could thus 
most obviously be detected when spanning a damaged zone with the extensometer.  
Therefore a gauge length of 500 mm is desired. 
7.1.3 Prototype design 
As stated earlier the demodulation instrument FOGSI of the Bragg-sensors has a 
resolution of ~ 1 me  over a measurement interval of ~ 8.000 me .  Obviously, the 
quoted values are not optimally suited for the intended application.   Therefore the 
basic idea of the design was to “enlarge” the small deformations of the structural 
element under interest onto the optical fibre sensor.  Since the sensor part of the 
optical fibre is 10 mm in length and its position with respect to the end of the 
optical fibre is (only approximately) known to be 30 mm, a minimal free length of 
the optical fibre of 20 mm was assumed.  If the entire differential displacement of 
the gauge length of 500 mm could be transferred to the optical fibre of 20 mm long, 
the Bragg-sensor would theoretically measure strains that are 25 times larger than 
the real strains and obtain a resolution of 1/25 me  with respect to the structural 
strains.  To obtain a high structural stiffness, a circular tube was chosen as the main 
structural element of the extensometer.  Low weight has been obtained by choosing 
aluminium as material.  The proposed design is illustrated in Figure 7.1 with an 
indication of the main dimensions. 
 
Figure 7.1: Prototype-design of an extensometer with large gauge length.  The entire deformation of the 
extensometer is transferred to an optical fibre with Bragg-sensor. 
The design consists of two concentric aluminium tubes (1 & 2) with outer diameters 
of 32 mm and 22 mm respectively with a wall thickness of 1,5 mm.  At one end, 
both tubes are attached – glued with an epoxy resin - to an aluminium end-piece 3.  
Structural monitoring of composite elements using optical fibres with Bragg-sensors. 
260 
The outer tube is at its other end again fixed to an aluminium end-piece 4, whilst the 
inner tube is somewhat shorter in length and is thus freely suspended inside the 
larger tube.  A small aluminium piece 5 is glued inside the inner tube at its free end.  
This piece has a central drill hole of 1 mm in diameter through which the optical 
fibre is lead.  The fibre end is pushed inside a second hole, in the rightmost 
aluminium end-piece 4.  Both drill holes are filled with epoxy to assure a proper 
bonding of the fibre and good transfer of the imposed deformations.  For 
protection against possible buckling under compressive loading, the optical fibre 
part with Bragg-sensor is positioned in a glass capillary filled with epoxy resin.  This 
is shown in more detail on Figure 7.2. 
 
Figure 7.2: Detailed view on the optical fibre sensor, which is positioned in a glass capillary filled with 
impregnating resin for protection against buckling under compressive loading. 
From the construction on Figure 7.1 the working principle of the deformation gauge 
can be seen.  The gauge is attached to a structure through the ‘eyes’ in the 
aluminium end-pieces 3 & 4 and undergoes the local deformation of the structure.  
This deformation will almost entirely be transferred to the optical fibre, which is at 
one end directly connected to the outer tube of the extensometer and at its other 
end indirectly by means of the inner tube.  Due to the large difference in stiffness 
between the optical fibre and the inner aluminium tube, nearly all of the 
deformation will be transferred to the optical fibre and only a very small part to the 
inner tube. 
A plastic ring (made of Teflon) is firmly attached to the inner tube, and slides 
without friction in this tube.  The main intention of this ring is to prohibit the inner 
tube of lateral shaking, with damage of the fibre as a result, under the possible high 
frequencies involved in the experiments.  A photograph is given in Figure 7.3 where 
the Teflon ring around the inner tube and the optical fibre in the glass capillary are 
clearly shown. 
Multiaxial strain sensing with Bragg sensors. 
261 
 
Figure 7.3: Detailed view on the strain-sensing part of the extensometer and on the Teflon-ring applied on the 
inner tube. 
7.1.4 Finite-element-simulations 
The mechanical behaviour of the extensometer has been extensively investigated by 
means of finite-element-simulations using the finite-element software package 
ABAQUSTM.  A summary of the results is discussed in the next few paragraphs. 
7.1.4.1 Material properties 
The material properties used in the finite-element-simulations are summarized in the 
following table. 
 
Table 7-1: Mechanical properties of the constituent materials of the designed extensometer. 
Aluminium 
E-modulus [MPa]  70.000 
n [-] 0,33 
r [kg/m³]  2.700 
Teflon 
E-modulus [MPa]  460 
n [-] 0,46 
r [kg/m³]  2.200 
Glass 
E-modulus [MPa]  69.000 
n [-] 0,19 
r [kg/m³]  2.100 
Epoxy 
E-modulus [MPa]  3.000 
n [-] 0,3 
r [kg/m³] 1.400 
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7.1.4.2 Simulation of eigenfrequencies 
The entire design had to be modelled for the determination of the eigenfrequencies 
of the extensometer.  A graphical illustration of the finite-element-model and the 
applied mesh is given in Figure 7.4.  A detailed view of the applied mesh, consisting 
of linear tetrahedral elements, is also given and the modelled optical fibre can be 
clearly distinguished.  The optical fibre has also been modelled as a 3D-structure 
together with the epoxy resin surrounding it. 
 
Figure 7.4: Finite-element-model of the designed extensometer with a detailed view on the mesh and modelled 
optical fibre. 
The eigenfrequencies have been calculated without boundary conditions and with 
the boundary conditions modelled as they appear during the experiments, this is for 
one eye only a rotation around its axis is sustained and for the other also 
displacement in the longitudinal direction can appear.  It was found that the first 
eigenfrequency of the extensometer appears at a frequency of 288 Hz, which is 
sufficiently higher than the frequencies that will occur during the experiments.  The 
eigenmode – which is a bending mode - corresponding with this frequency is shown 
in Figure 7.5.  Shown are also two other eigenmodes and their corresponding 
eigenfrequency. The first longitudinal eigenmode appears at a frequency of 1.867 
Hz. 
The first eigenfrequency of the proposed design is thus obviously high enough to be 
safely used for dynamic measurements in the range below 200 Hz.  For applications 
where higher frequencies can appear, one could choose to use a composite material 
(for example a carbon fibre reinforced epoxy) with small wall thickness (in the order 
of 0,5 mm or less) for the tubes.  These last have as disadvantage that they are prone 
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to damage during use (e.g. due to material drop), and are further very hard to find 
commercially. 
 
Figure 7.5: Three calculated eigenfrequencies of the extensometer with a graphical illustration of the 
corresponding eigenmodes. 
7.1.4.3 Response to longitudinal harmonic excitation 
To this purpose, the extensometer has been modelled as a two-dimensional 
axisymmetric structure.  A partial view on this model and the applied mesh is shown 
on Figure 7.6. 
 
Figure 7.6: Two-dimensional finite-element-model of the extensometer. 
At first, a linear static analysis has been performed of the deformation of the model 
under an imposed load of 300 N, uniformly distributed on one end-face.  The 
strains in the direction of the symmetry-axis have been determined in the optical 
fibre and compared with the strain measured in the middle of the outer tube.  It was 
found that the strain in the optical fibre was approximately 23 times greater than the 
strain in the outer tube. 
However, a static analysis is generally not sufficient to predict the mechanical 
behaviour of an element under dynamic loading conditions.  In dynamic conditions, 
there is an important influence of the mass (distribution) of the constituent 
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elements.  For this design, it is expected that the response of the sensor will be close 
to the static response in a frequency range of e.g. 10 to 150 Hz, and this for the 
reasons that these frequencies are well below the eigenfrequencies of the 
longitudinal eigenmodes (see higher) of the extensometer and that the system can be 
considered as a uniformly distributed mass-system with the concentrated masses 
(the aluminium end-pieces) in the close neighbourhood of the boundaries. 
Simulations have been performed of a harmonic excitation of the extensometer for 
the frequencies 10 Hz, 50 Hz, 75 Hz, 100 Hz and 125 Hz with an imposed load of 
100 N at one end-surface.  Calculations were performed of displacement, velocity 
and acceleration of this end-face, and as well as the strains in the optical fibre and in 
the outer tube.  These results are shown on the following figures for the case of a 
frequency of 50 Hz.  All signals show a clear harmonic response to the applied load.  
A slight discontinuity is visible in the acceleration at the start of the simulation due 
to the sudden application of the load and the fact that no damping has been taken 
into consideration. 
 
Figure 7.7: Calculated displacement of the extensometer under a harmonic excitation with 100 N and a 
frequency of 50 Hz. 
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Figure 7.8: Calculated velocity of the extensometer under a harmonic excitation with 100 N and a frequency 
of 50 Hz. 
 
Figure 7.9: Calculated acceleration of the extensometer under a harmonic excitation with 100 N and a 
frequency of 50 Hz. 
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Figure 7.10: Calculated strains in the optical fibre and in the outer tube under a harmonic excitation with 
100 N and a frequency of 50 Hz. 
The last figure shows the results of the simulations of strain values in the optical 
fibre – the largest values - and in the middle of the outer tube.  The ratio of the 
values is approximately 23:1.  A summary of the simulations for the conducted 
simulations is given in the following table.  The stated strain values are given with ± 
0,5 me  precision. 
 
Table 7-2: Results of the finite-element-simulations of harmonic excitations with varying frequency and 
constant load. 
f 
[Hz] 
Bragg-
strain [me] 
Strain in 
tube [me ] 
Ratio Acceleration 
[mm/s²]  
Velocity 
[mm/s] 
Displacement 
[mm] 
10 231 10 ~ 23 -10 to 10 -0,16 to 0,16 5 x 10-3 
50 231 10 ~ 23 -250 to 250 -0,8 to 0,8 5 x 10-3 
75 231 10 ~ 23 -563 to 563 -1,2 to 1,2 5 x 10-3 
100 231 10 ~ 23 -1000 to 1000 -1,6 to 1,6 5 x 10-3 
125 231 10 ~ 23 -1563 to 1563 -2,0 to 2,0 5 x 10-3 
 
It is very clear that the displacement of the surface where the load is applied, and 
thus correspondingly the strains in the outer tube, are perfectly constant under a 
constant applied load, independent of the frequency of the harmonic excitation.  
The displacement is thus independent of the acceleration.  The calculated ratio of 
Bragg-strain to the strain in the outer tube is 23,3. 
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Another series of simulations has been performed for harmonic excitation of the 
extensometer at a constant frequency 100 Hz for forces 25 N, 100 N and 200 N.  
The results hereof are summarized in the following table. 
 
Table 7-3: Results of the finite-element-simulations of harmonic excitations with constant frequency and 
varying load. 
Load [N] Bragg-
strain [me] 
Strain in 
tube [me ] 
Ratio Acceleration 
[mm/s²]  
Velocity 
[mm/s] 
Displacement 
[mm] 
25 58 2,5 ~ 23 -250 to 250 -0,4 to 0,4 1,25 x 10-3 
100 231 10 ~ 23 -1000 to 1000 -1,6 to 1,6 5 x 10-3 
200 461 20 ~ 23 -2000 to 2000 -3,2 to 3,2 10 x 10-3 
 
These results indicate indeed a perfect linear relationship between applied force on 
the one hand and displacement and strain on the other.  In the following table are 
summarized the strains (in the outer tube) calculated from the applied force (quasi-
static approximation) according to  
F
EA
e =  (7.1) 
and the strains calculated from the simulated accelerations (dynamic equivalent) 
according to 
2a
l
w
e =  (7.2) 
In the previous equations F represents the applied force, E the Young’s modulus of 
aluminium, A the area of the circular cross-section of the tube, a the total variation 
in simulated acceleration, w the circular frequency and l the gauge length.  In equation 
(7.2) the ratio a/w² represents the displacement (as acceleration is the second 
derivative of the harmonic displacement). 
Table 7-4: Comparison of simulated strains and strains calculated following the quasi-static approximation 
and strains calculated according to a dynamic equivalent. 
Force [N] f [Hz] a [mm/s²]  Simulated strain 
[-] 
Calculated 
strain [-] 
100 10 20 10 x 10-6 10 x 10-6 
100 50 500 10 x 10-6 10 x 10-6 
100 75 1126 10 x 10-6 10 x 10-6 
100 100 2000 10 x 10-6 10 x 10-6 
100 125 3126 10 x 10-6 10 x 10-6 
25 100 500 2,5 x 10-6 2,5 x 10-6 
200 100 4000 20  x 10-6 20  x 10-6 
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Obviously, the quasi-static approximation and the dynamic equivalent give the same 
results for the strain values. 
7.1.5 Experiments 
This paragraph describes the experiments conducted in order to experimentally 
validate the working of the developed extensometer. 
First a series of static tensile tests were performed on the extensometer in a 
universal testing machine.  The deformation of the extensometer could not be 
related to the displacement of the clamps of the testing machine due to too large 
sliding in the clamps, in comparison to the displacements.  Therefore the 
deformation of the extensometer has been calculated on the basis of the applied 
minimum and maximum forces during the experiments and the corresponding 
strain values measured with the Bragg-sensors.  The magnification ratios (i.e. the 
ratio of Bragg-strain to imposed strain) varied from 18,6 to 20,4, thus certainly 
indicating the good fabrication of the proposed design.  The deviation from the 
simulated value of 23 can be explained in terms of uncertainty on the exact length of 
the free optical fibre. 
With the support of the Department of Civil Engineering of the KUL, dynamic 
experiments could be performed.  An overview of the experimental set-up is given 
in Figure 7.11.  A shaker is used for the harmonic excitation of the extensometer that 
is positioned in a laser-holder.  The extensometer is fixed (all 6 degrees of freedom) 
in the holder at its end.  The second holder only serves for safety, it prohibits the 
extensometer from shaking should the load e.g. be eccentrically applied to the 
extensometer.  The imposed load and acceleration are measured using a so-called 
impedance head (type PCB 288D01) that is glued on top of the free end of the 
extensometer; a detailed view is given in Figure 7.12. 
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Figure 7.11: Overview of the experimental set -up used during the dynamic experiments.  A shaker is used 
for harmonic excitation of the extensometer. 
 
Figure 7.12: Detailed view on the impedance-head used for the measurement of accelerations and forces. 
Experiments have been conducted in a range of 60 Hz to 130 Hz, in steps of 10 Hz.  
An example of a measured Bragg-signal is given in the following figure; the 
harmonic excitation consists of a force of approximately 30 N at a frequency of 60 
Hz.   
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Figure 7.13: Measured Bragg-strain during a harmonic excitation of the extensometer at a frequency of 60 
Hz with an applied load of 30 N. 
The measured Bragg-signal, shown during a time period of 0,1 s, is in fact very 
clearly represented by the measurement points, especially if it is taken into 
consideration that the measured force indicates a total deformation of the 
extensometer of only 3 me  or 1,5 mm in amplitude!  Taking into account a resolution 
of 1 me  of the demodulation instrument, it can be roughly estimated from Figure 
7.13 that a resolution of 0,05 me  can be obtained! Also indicated on the figure is a 
calculated sinusoidal fit used for extraction of the amplitude of the Bragg-signal. 
From the measured acceleration, the corresponding strain is calculated (see higher); 
strain is also calculated from the applied force according to the quasi-static 
approximation.  Table 7-5 summarizes all recorded amplitudes. 
 
Table 7-5: Summary of the results obtained during the dynamic experiments. 
f [Hz] a [m/s²]  ea [-] F [N] eF [-] eBragg [-] 
60 1,72 24 x 10-6 30,4 3 x 10-6 58 x 10-6 
70 1,61 16 x 10-6 30,4 3 x 10-6 58 x 10-6 
80 1,19 9 x 10-6 30,4 3 x 10-6 58 x 10-6 
90 0,94 6 x 10-6 30,4 3 x 10-6 58 x 10-6 
100 0,84 4 x 10-6 30,4 3 x 10-6 58 x 10-6 
110 0,98 4 x 10-6 30,4 3 x 10-6 58 x 10-6 
120 1,02 4 x 10-6 30,4 3 x 10-6 58 x 10-6 
130 1,16 3 x 10-6 30,4 3 x 10-6 58 x 10-6 
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The magnification ratios calculated from these results are graphically represented on 
Figure 7.14.  It is clear that the magnification factors based on the measurement of 
forces are fairly constant while these calculated from the measured accelerations do 
not behave as expected.  It was already expected when performing the experiments 
that the accelerometer (impedance head) was being used outside its scope of action. 
Based on the results of both static and dynamic experiments a magnification ratio of 
the extensometer of 19,3 can be presupposed. 
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Figure 7.14: Strain magnification factors: ratio of measured Bragg-strain to strain calculated from measured 
accelerations (circles) and ratio measured Bragg-strain to strain calculated from measured f orce (triangles). 
The very good response of the extensometer to an applied dynamic load is 
illustrated by the following two figures, illustrating the effect of a swept sine 
excitation with frequencies ranging from 0 to 150 Hz applied in a time range of only 
1,5 seconds.   
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Figure 7.15: Frequency-spectrum of the applied harmonic excitation during a swept -sine loading experiment. 
0.0 0.5 1.0 1.5
Time (s )
-200
-180
-160
-140
-120
-100
B
ra
gg
-s
tr
ai
n 
(m
e)
 
Figure 7.16: Measured Bragg-strains during the swept -sine harmonic excitation. 
Results of measurements with the extensometer installed on a large concrete beam 
(see Figure 7.17) are illustrated on Figure 7.18 for a healthy (undamaged) beam and on 
Figure 7.19 for a damaged beam (loaded up to plastic strain of the steel 
reinforcement). 
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Figure 7.17: Extensometer installed on the lower flange of a large concrete beam to measure modal strains 
after excitation by impact.  Also shown are two accelerometers installed on top and the bases for control 
measurements of permanent deformation . 
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Figure 7.18: Modal strains measured on an intact concrete beam. 
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Figure 7.19: Modal strains measured on a damaged beam. 
The difference in the modal behaviour of the healthy beam and the (heavily) 
damaged beam is obvious, either in the (global and local) frequency and in the 
amplitude of the strains.  It should be pointed out that the maximum amplitude of 
the strain signal in Figure 7.18 is only 50 me !  This indicates the high resolution of 
the developped extensometer. 
7.2 DOGBONE SHAPED LOAD-CELL 
7.2.1 Problem statement 
Within the department of Mechanical and Construction, extensive research work is 
performed on the fatigue behaviour of composite materials [3].  For experimental 
validation of the developed damage model, small composite laminated plates are 
subjected to bending fatigue experiments in a specially designed set-up for 
displacement-controlled testing [4] of which a schematically representation is given 
in Figure 7.20.  The outcoming shaft of the motor has a rotational speed of 185 rpm 
and by means of a V-belt the power is transmitted to a second shaft that provides a 
fatigue testing frequency of 2,2 Hz.  This power transmission ensures that the 
earthing of the motor and the earthing of the measurement system are electrically 
isolated, which is an advantage mainly with metallic or carbon fibre reinforced 
specimens.  The second shaft bears a mechanism with crank and connection rod 
(this is a dogbone shaped load-cell), which imposes an alternating displacement on 
the hinge that connects the connecting rod with the lower clamp of the composite 
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specimen.  At the upper end the specimen is clamped.  A full Wheatstone bridge on 
the connecting rod is used to measure the force acting on the composite specimen.  
Due to the stiffness degradation of the specimen during fatigue life, the measured 
force will gradually decrease as the amplitude of the prescribed displacement 
remains constant.  Two self-temperature-compensated strain gauges are placed on 
two opposite surfaces of the connecting rod, in order to measure the longitudinal 
strain.  In that way temperature effects, as well as bending moments, can be 
compensated.  Through a preceeding calibration – by suspension of calibrated 
masses on the load-cell – the relation between applied force and measured strain is 
obtained. 
 
Figure 7.20: Schematic representation of the experimental set -up used for (bending) fatigue testing of small 
composite specimens. 
It has been noted that the strain gauges are liable to drift.  This would not be 
problematic as long as the desired information is the amplitude of the applied force.  
However, experiments have shown that for a certain material configuration (plain 
weave glass-fibre reinforced epoxy stacked under 45°) a serious plastic deformation 
remains visible after the fatigue test.  This should be visible in the load-cell-signal as 
a compressive force, needed to push the plate back to its original position.  
However, up to now this could not be extracted from the strain-gauge 
measurements, due to the drift of the signals. 
7.2.2 Design of load-cell based on optical fibre Bragg-sensors 
Because the problem with the former load-cell was one of absoluteness of 
measurements, it has been thought of re-designing the load-cell and replace the 
electrical-resistance strain gauges by Bragg-sensors, from which absolute 
measurements can be recorded.  A schematic drawing of the new load-cell is shown 
on Figure 7.21.  Two Bragg-sensors are glued in very small grooves made in opposite 
surfaces of the cylindrical part of the aluminium load-cell.  Figure 7.22 illustrates the 
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installation of a Bragg-sensor.  Electrical-resistance strain gauges have still been 
installed for comparative measurements. 
 
 
Figure 7.21: Schematic drawing of the dog-bone shaped load-cell. 
 
Figure 7.22: Installation of a Bragg-sensor in a small groove in the cylindrical part of the load-cell. 
In the final design, the two ends of the load-cell were rounded for ease of 
fabrication. 
Finite-element-calculations (using the software package ABAQUSTM) have been 
performed in order to simulate the appropriateness of the intended design as load-
cell.  Results hereof are given in Figure 7.23.  It indicates a perfect equal strain-
pattern in the cylindrical part of the load-cell. 
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Figure 7.23: Finite-element-simulation of the axial strain in the dog bone shaped load-cell. 
7.2.3 Preliminary experimental results 
A first preliminary experiment has been conducted on a composite plate made from 
plain weave glass-fibre reinforced epoxy and measuring 28 mm wide, 3 mm thick 
and 145 mm long.  The plate underwent a total of 170.000 cycles; every 15 minutes 
a few fatigue cycles (~ 20) are recorded.  On the next figures, three cycle periods are 
illustrated: at the beginning, halfway and at the end of the experiment time. 
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Figure 7.24: Recorded strain signals with electrical-resistance strain gauge during first cycles, last cycles and 
halfway the experiment. 
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Figure 7.25: Recorded strain signals with Bragg-sensor during first cycles, last cycles and halfway the 
experiment. 
The decrease in bending stiffness of the laminate is very clear in terms of decreasing 
amplitude.  Due to large imposed deflection, a serious amount of damage is initiated 
during the first few hundred fatigue cycles.  The strain-gauge readings indicate small 
compressive strains at the beginning of the experiment, whilst halfway and at the 
end these have decreased in value, which is contradictory with the visually 
noticeable (important) permanent deformation of the laminate. 
The results of the Bragg-sensor indicated that compressive strain is built-up during 
the experiment, indicating the initiation of permanent deformation.  It can thus be 
concluded at this moment, that the design of the load-cell has clearly been 
optimised, extending its capability to measurement of absolute deformation. 
7.3 CONCLUSIONS 
In this chapter two designs of measuring devices based on optical fibre Bragg-
sensors have been discussed.  An extensometer has been designed and developed, 
intended for the measurement of modal strains of large structural elements.  Static 
and dynamic calibration tests of the instrument indicate the close agreement to the 
design intentions.  The extensometer has been tested up to a frequency of 150 Hz 
and strains with an amplitude of only 3 me  were measured with an approximate 
resolution of 0,05 me !  At this moment, the extensometer has been extensively used 
(a few hundred experiments!) to measure modal strains of a large concrete beam.  
An existing design of a loadcell based on electrical resistance strain gauges has been 
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optimised.  Thanks to the integration of Bragg-sensors, absolute measurements are 
possible.  Preliminary experiments indicate that this loadcell will become an 
important tool for the experimental validation of research work on fatigue of 
composite materials. 
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CHAPTER 8  
 
MULTI-AXIAL STRESS AND STRAIN 
SENSING WITH BRAGG-SENSORS 
Starting from a general description of the influence of mechanical 
strain on the refractive index of a material, the dependence of Bragg-
resonance on the form of the stress field applied to the optical fibre is 
illustrated.  It is shown that the presence of transverse stress 
components causes the Bragg-spectrum to broaden and possibly to 
split in two distinct peaks.  Theoretical formulations for the 
variation of Bragg-wavelength resulting from a random 
threedimensional stress scheme are derived.  Finally, the possibility 
of effectively measuring several stress components by using dual 
overlaid Bragg-gratings inscribed in polarisation maintaining fibres 
is discussed.  
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8.1 PROBLEM STATEMENT 
The dependence of Bragg-wavelength on mechanical strain has been discussed in 
Chapter 3; it was then assumed that the sensor was subjected to a pure axial loading 
condition.  In paragraph 3.5.1, based on the theory of Butter and Hocker [1], equation 
(3.14) has been derived, which gives the relationship between axial strain and the 
resulting shift in Bragg-wavelength.  The coefficient P, given by equation (3.13), was 
called the strain-optic coefficient (it is sometimes also called elasto-optic 
coefficient).  It is related to the so-called photoelastic effect, which means that 
applied strain results in a change in the index of refraction.  It should however be 
born in mind that the photoelastic effect holds for the 3 dimensions and thus that 
the shift in Bragg-wavelength will in fact be dependent on the total strain field. 
8.2 SENSITIVITY OF A BRAGG-SENSOR TO A 
MORE-DIMENSIONAL STRESS-FIELD 
8.2.1 Relationship between mechanical strain and changes in 
refractive index 
Generally spoken, the photoelastic effect in a material couples the mechanical strain 
to the optical index of refraction and is traditionally described by [2]: 
2
1
ij ijkl kl
ij
p
n
h eæ öD = D =ç ÷
è ø
 (8.1) 
where Dhij is the change in the optical impermeability tensor and e kl is the strain 
tensor.  The coefficients pijkl constitute the so-called strain-optic tensor.  In equation 
(8.1), higher-order terms involving powers of e kl are neglected, because these terms 
are usually small compared with the linear terms.  Since both hij and e kl are 
symmetric tensors, the indices i and j as well as k and l in equation (8.1) can be 
permuted. It is then convenient to use the contracted indices to abbreviate the 
notation and equation (8.1) becomes  
2
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, 1,2,...,6ij j
i
p i j
n
eæ öD = =ç ÷
è ø
 (8.2) 
where e j are the strain components.  
The form of the strain-optic tensor, but not the magnitude of the individual 
coefficients pij, can be derived from the symmetry of the material under 
consideration [3].  In its most general form, there are 36 different coefficients pij.  
For the class of isotropic materials, to which silica glass belongs, this number can be 
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reduced to two independent coefficients p11 and p12.  Equation (8.2) then becomes 
[2,3]: 
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 (8.3) 
For a more detailed discussion on optical anisotropy the reader is pointed to the 
specialized literature [2,3].  The magnitudes of the individual coefficients pij are of 
course dependent on the material considered.  For pure bulk silica it was found that 
typical values are p11 = 0,121 and p12 = 0,270 [2,3] (measured at 630 nm); these 
values are generally used when calculating the influence of mechanical perturbations 
such as elongation and lateral compression of optical fibres.  However, due to the 
presence of doping elements in the core (usually GeO2) and/or in the cladding, the 
effective values for fibres may be different from those for bulk silica [4].  
Measurements on single-mode fibres (at the same wavelength as above) yielded 
values of p11 = 0,113 and p12 = 0,252 respectively.  An error of approximately 5% (at 
the stated wavelength) is possible, essentially due to the uncertainty of the 
coefficient of Poisson of the optical fibre.  The dispersion (dependence on 
wavelength) is much less than this inaccuracy, and can thus be neglected. 
8.2.2 Dependence on pure axial stress 
In this paragraph, equation (3.12) (with 0TD = ) and equation (8.3) will be used to 
calculate the dependence of the Bragg-wavelength on a stress-field applied along the 
axis of an optical fibre, as illustrated in Figure 8.1(a). 
For the further discussions it can be remarked that, as is illustrated on Figure 8.1(d), 
the longitudinal axis of the optical fibre is chosen as the z-direction, forming an 
orthogonal coordinate system with the directions x and y.  The meaning of the 
directions x’ and y’ will be explained later. 
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The optical fibre is loaded by a tensile force F oriented along its axis.  Hereby the 
fibre is subjected to a pure axial stress; all stress-components are zero except for the 
stress-component szz ¹ 0.  The corresponding strain-field is determined by the 
strain-components ezz and exx = eyy = -nezz; the strain-components eij with i ¹ j are 
all equal to zero. 
 
Figure 8.1 : Schematical representation of load schemes taken into consideration for the calculation of Bragg-
response to different loading schemes. 
By substituting e1 = exx = -ne ; e2 = eyy = -ne ; e3 = ezz = e ; e4 = e5 = e6 = 0 into 
equation (8.3), it follows that:  
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with n1 = nxx, n2 = nyy and n3 = nzz. 
Due to symmetry nxx = nyy = neff, the effective index of refraction of the fibre.  As 
has been explained in Chapter 2, light in a single-mode optical fibre is in fact doubly 
degenerate; it consists of two mutually orthogonal polarisation states.  The direction 
of these modes will be denoted by the directions x’ and y’ (see Figure 8.1(d)), which 
are not necessarily oriented following x and y but could have a random orientation 
characterised by the angle F .  Knowledge of the exact polarisation direction is in 
this case, of pure axial stress, clearly irrelevant (the stress-components of the applied 
load remain the same independent of the orientations of x and y). 
Thus, for the case of pure axial loading (and assuming small variations of strain), the 
correct expression for the strain-optic coefficient P is:  
( )
2
12 11 12
1
2
eff eff
eff
n n
P p p p
n
n
e
¶
= - = - +é ùë û¶
 (8.5) 
as was already stated by equation (3.15).  Substition in equation (8.5) of neff = 1,456; p11 
= 0,113; p12=0,252 and n = 0,17 eventually yields (1-P) = 0,799. 
Now, also other load schemes and the resulting shift in Bragg-wavelength can be 
analysed.  This will be discussed in the following paragraphs for some specific load 
cases and for a ‘random’ stress-field. 
8.2.3 Pressure sensitivity 
Let us, for example, take a look at the radial pressure sensitivity of a fibre Bragg-
grating, as schematically depicted in Figure 8.1(b).  The dependence of a Bragg-sensor 
on a uniformly distributed radial pressure has been mathematically derived in [5]; 
however the strain components were wrongly defined (the author there in fact uses 
strain-components that would occur in a universal state of pressure). 
Starting from the Bragg-condition formulated by equation (3.1), it can be derived that 
a pressure change of rr ps =  (with implicitly assumed that p < 0) leads to a 
corresponding shift in Bragg-wavelength, DlB,p, given by: 
( ), 1 1effB p eff
B eff eff
n n
p
n p n p
l
l
D L æ öD ¶¶L
= = +ç ÷ç ÷L L ¶ ¶è ø
 (8.6) 
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Now equation (8.3) will be used to calculate the dependence of the refractive index 
on the uniform radial pressure.  The strain-components resulting from the pressure 
load are 1 2
1
p
E
n
e e
-
= =  and 3
2
p
E
n
e
-
=  (components 4, 5 and 6 are zero); with 
E the Young’s modulus of the optical fibre.  Substituting these values into equation 
(8.3) gives: 
( ) ( )
3
1
1 11 121 1 32
n p
n p p
E
n nD = - - + -é ùë û  (8.7) 
and an identical relationship for Dn2; thus the Bragg-response is again independent 
of the polarisation state of the light. 
Given that 3
L
L
e
DL D
= =
L
, the components of equation (8.6) are given by: 
1 2
p E
n¶L
= -
L ¶
 (8.8) 
and  
( ) ( )
2
12 11
1
1 2 2
2
n n
p p
n p E
n
¶
= - +
¶
 (8.9) 
Therefore, the wavelength-pressure sensitivity can be formulated as:  
( ) ( )
2
, 11 12
2
1 1 3
2B p B
n
p p p
E E
n
l l n n
é ù
D = - - - + -é ùê úë û
ë û
 (8.10) 
after substition of the numerical values given above, this leads to 0,570
p
E
l
l
D
= - . 
In analogy with the discussion on pure axial loading, and using 3
2
p
E
n
e
-
= , 
equation (8.10) can be transformed so that a relationship between shift in Bragg-
wavelength and axial strain is obtained. 
( ) ( )
2
11 121 1 1 34
eff
zz
n
p p
l
n n e
l n
ì üD ï ï= + - + -é ùí ýë û
ï ïî þ
 (8.11) 
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This means that 1,677 zz
l
e
l
D
= ; and thus that the above-defined coefficient (1-P) 
is indeed highly dependent on the stress-field applied to the optical fibre. 
8.2.4 Sensitivity to transverse stresses 
Another interesting load scheme shown in Figure 8.1(c) is the case of a transverse 
stress.  Let us assume that the applied stress is parallel to the y-axis, and thus syy ¹ 0 
whilst the other stress-components are all equal to zero.  The strain components 
related to the stress-field are 2
yy
yy E
s
e e= = ; 1 3 2e e ne= = - . 
The variation of Bragg-wavelength due to this load-case can be expressed as: 
, 1 1yyB eff
yy
B yy eff yy
n
n
sl
s
l s s
D æ ö¶¶L
= +ç ÷ç ÷L ¶ ¶è ø
 (8.12) 
The first component of this equation can be rewritten as: 
1
yy E
n
s
¶L
= -
L ¶
 (8.13) 
Substituting the strain-components into equation (8.3) leads to the following 
relationships:  
( )
[ ]
3
11 12
3
11 12
1
2
2
2
yyxx
xx
yy yy
yy
n
n p p
E
n
n p p
E
s
n n
s
n
ì
D = - - + -é ùï ë ûï
í
ïD = - -ïî
 (8.14) 
It can be noted that due to the asymmetry in the loading (with respect to the x,y-
plane), we get dissimilar changes in the index of refraction for x- and y-direction.  
This is a very important remark, because the shift in Bragg-wavelength will now be 
dependent on the polarization state of the light coupled into the optical fibre. 
Substitution of equations (8.13) and (8.14) into equation (8.12), yields: 
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 (8.15) 
Transforming these equations to a relationship between shift in Bragg-wavelength 
and axial strain yyzz E
s
e n= - × , and substituting the respective numerical values for 
the fibre properties, yields: 
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1 1
2
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 (8.16) 
The (1-P)-factors (determined by the terms in between curly brackets) are largely 
different from the (1-P)-factor for axial strain, which has been calculated as 0,799 in 
paragraph 8.2.2.  This means that serious faults would be introduced in the 
calculation of axial strain following the ‘traditional’ formulation. 
We can extend the calculations for linearly polarized light (in polarisation 
maintaining fibres) randomly oriented with respect to the x-axis.  The concept of 
polarisation maintaining fibres and their probable advantageous use for more-
dimensional stress measurements is discussed in detail in paragraph 8.3.  Suppose that 
the polarization direction makes an angle of f with the x-axis as shown in Figure 
8.1(d).  The strain-components in the x’y’-plane can be calculated from these in the 
xy-plane by simple coordinate rotation; left multiplication with rotation matrix T(f) 
defined as: 
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 (8.17) 
The change of the (1-P)-factor in function of the angle f is illustrated on Figure 8.2.  
 
Figure 8.2: Dependence of the (1-P)-factor on polarisation direction, illustrated for two orthogonal 
polarisation modes oriented along x’ and y’ where x’ is rotated over an angle f. 
Obviously, the axial strain calculated by the shift in Bragg-wavelength, following 
equation (3.14), will be strongly dependent on the state of polarization of the light.  If 
linearly polarised light is used, and assuming that the polarisation state is kept the 
same throughout the light propagation, the back-reflected spectrum will consist of 
two distinct peaks (with off course lower power) due to the different dependencies 
on axial strain of the two degenerated modes constituting the linearly polarised light.  
This will however only be the case for (very) high transverse load and an original 
peak with small bandwidth.  For Bragg-resonances with broader spectra (in the 
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order of 0,3 nm at half maximum) the effect of a diametrically applied load was 
found to be merely a broadening of the spectrum or a hump in the shoulder of the 
original peak [6].  It can be noted that when the polarisation axes of the fibre are 
oriented at angles of 45° with respect to structural axes, both polarisation modes will 
exhibit the same shift in Bragg-wavelength (equal (1-P)-factors).  This can be 
attributed to a symmetrical orientation of the axes with respect to the external 
loading. 
8.2.5 Random stress field 
We can now repeat the calculations for a random threedimensional load scheme.  
For simplicity of the expressions, it is first assumed that the polarisation directions 
coincide with the x and y axes.  For isotropic materials, Hooke’s law has the 
following form: 
1 1
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4 4
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     (8.18) 
By substituting equation (8.18) into equation (8.3) we can calculate the change of the 
refractive indices by a random 3D load scheme; this leads to: 
{ } { }
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2 1 2
2 2 1
1 2
1 2
1 2
0 0 0
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2
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h s
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ê ú-
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 (8.19) 
wherein 1 11 122P p pn= -  and ( )2 11 121P p pn n= - + - .  In accordance with the 
definition of the strain-optic coefficients p11 and p12, we could now define P1 and P2 
as the stress-optic coefficients.  Using the above given values for the properties of 
the optical fibre, we get P1 = 0,027 and P2 = 0,190. 
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Further working-out of equation (8.19) leads to: 
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 (8.20) 
Generally, the optical fibre will again have a random orientation of the polarisation 
directions, with respect to the x-axis (defined by the angle f), and equations (8.20) 
become: 
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in which 
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 (8.22) 
can be called the transformed stress-optic coefficients.  Their variation in 
function of the ‘polarisation-direction’ f  is illustrated on Figure 8.3. 
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Figure 8.3: Variation of the transformed stress-optic coefficients in function of the angle between the 
polarisation direction x’ and the structural axis x. 
Again, and as could be expected, the resulting shift in Bragg-wavelength will be 
greatly dependent on the polarization of light, relative to the directions of loading. 
8.2.6 General formulations 
The equations 2B effnl = L  and ( )1B
B
P
l
e
l
D
= - D  used in Chapter 3 for the 
loading condition of pure axial stress, can now be generalized for a Bragg-sensor 
subjected to a three-dimensional stress state (uniform over its length).  A detailed 
working-out is presented in the following. 
Under the assumption of isothermal condition (DT = 0), the Bragg-condition can be 
written as: 
{ }( ) { }( ) { }( )2B effnl s s s= L  (8.23) 
wherein { } { }1 2 3, ,
T
s s s s= ; the stress components s4, s5 and s6 have no 
influence neither on neff nor on L.  Supposing that a change in stress state occurs, 
following: 
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{ } { } { }0s s s= + D  (8.24) 
then the variation of Bragg-wavelength can be expressed as: 
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where i = 1,2,3 and neff  should be taken in the polarisation directions. 
By substition of { }( ) { }( ){ }( )
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(8.25) can be transformed into: 
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Now, making use of: 
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the first component of equation (8.26) can be rewritten as: 
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Based on equation (8.21), the second term of equation (8.26) can be worked out, using: 
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 (8.30) 
Summarizing, equation (8.26) can be written as: 
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wherein polarisation dependent stress-factors are defined as: 
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 (8.32) 
The first three factors are illustrated on Figure 8.4 in function of the above-defined 
angle q. 
 
Figure 8.4: Illustration of polarisation dependent stress-factors in function of the direction of the main 
polarisation axis with respect to the main structural direction. 
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The figure clearly illustrates the effect of the different stress components on the 
Bragg-response.  Transverse stress components will obviously have lower influence 
on the shift in Bragg-wavelength.  The case of q = 0°, indicated on the figure, 
corresponds to the case where the main polarisation axis of the fibre coincides with 
the main structural axis; the influence of the two transverse stress components is 
then most different. 
Analoguous expressions for the shift in Bragg-wavelength in function of the strain-
components are: 
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 (8.33) 
The first component of this equation is equal to e 3.  In analogy with the above-
defined transformed stress-optic coefficients, the first two components of equation 
(8.3) can be written as: 
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Here the transformed strain-optic coefficients p11’ and p12’ are introduced and 
defined as: 
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This finally leads to: 
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wherein polarisation dependent strain-factors are defined as: 
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 (8.37) 
8.2.7 Numerical example 
The relative influence of the different stress components on the shift in Bragg-
wavelength is illustrated in this paragraph.  The numerical values for the different 
parameters have been taken as representative values for a Corning SMF-28 single-
mode fibre: p11 = 0,113 and p12 = 0,252 [4]; E = 70000 MPa and n = 0,16 [7]; nxx,eff = 
nyy,eff = 1,4677 [7]; lB,0 = 1310 nm.  It is further assumed that the x,y-plane and the 
x’,y’-plane coincide or thus that the main polarisation directions coincide with the 
structural axes of the host material (f=0). 
The stress-factors are calculated according to equation (8.32): 
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 (8.38) 
The resulting shift in Bragg-wavelength as a result of several loading schemes is 
summarized in the next table. 
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Table 8-1: Shift in Bragg-wavelength due to several loading schemes. 
 Ds3=10 MPa 
Ds1=Ds2=0 MPa 
Ds2=10 MPa 
Ds1=Ds3=0 MPa 
Ds3=50 MPa 
Ds2=10 MPa 
Ds1=0 MPa 
DlB,x 0,148 nm -0,069 nm 0,672 nm 
DlB,y 0,148 nm -0,036 nm 0,704 nm 
DlB,mean 0,148 nm -0,052 nm 0,688 nm 
 
For a pure axial loading (Ds3 = 10 MPa) of the optical fibre, a shift in Bragg-
wavelength of 148 pm is found, which is equal to a longitudinal strain of 143 me .  A 
pure transverse stress with the same magnitude causes different shifts in wavelength 
for the two orthogonal polarisation directions.  Because of the small differences of 
these shifts with respect to the width of the Bragg-spectrum (0,2 à 0,4 nm), this will 
cause a broadening of the spectrum and the mean value of the shifts in wavelength 
can be used as an indication for the global shift of the peak of the spectrum.  Thus a 
shift in Bragg-wavelength of approximately 52 pm can be assumed for this loading 
case.  When the loading case is not known and this value would be translated to 
longitudinal strain according to the classical equation (3.14) one gets a longitudinal 
strain of 50 me  whilst the mechanical loading causes an effective 23 me  longitudinal 
strain.  This is due to the difference in (1-P)-factors for pure axial stress and for 
transverse stress as described in paragraph 8.2.4.  A real loading case for an 
embedded optical fibre sensor will in fact consist of a combination of pure axial 
stress and transverse stress.  The case of a Bragg-sensor embedded in a composite 
pressure vessel, discussed in Chapter 6, is now discussed. 
A simple model of a central part of the pressure vessel is programmed in the 
software package ELACON (see higher).  It should be emphasized that the 
presence of the optical fibre cannot be modelled.  Calculations show that in the 
hoop windings the stress component in the circumferential direction is in the order 
of 5 times greater than the component in the axial direction.  Finite-element-
simulations indicate that this is in fact a conservative approximation.  The stress 
component through the thickness is negligible.  It has been demonstrated in [8] by 
means of finite-element-calculations, that the presence of an optical fibre embedded 
in the host material parallel to the reinforcing fibres has negligible influence on the 
stress components in the host material.  In the last column of Table 8-1 a loading 
scheme with the longitudinal stress component 5 times greater than the transverse 
stress component is considered.  The observed shift in Bragg-wavelength will be 
approximately 688 pm.  Again according to the classical approximation (case of pure 
axial stress) this would be the result of a longitudinal strain of 665 me .  The actual 
longitudinal strain due to the mechanical loading is equal to 691 me .  This means 
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that the classical approximation leads to an underestimation of the strain with less 
than 4%!  This is in fact a very reasonable approximation, also taking into account 
that the uncertainty on measurements with electrical resistance strain gauges is in the 
same order of magnitude. 
8.2.8 Remarks 
From the previous paragraphs it can be concluded that the measured shift in Bragg-
wavelength is highly dependent on both the exact load scheme and on the 
polarisation of the light.  This has some important drawbacks for real-world 
measurements.  Bragg-sensors externally attached to a structure (e.g. by gluing) will 
undergo a near pure axial stress (expressed as elongation or shortening).  This way, 
the polarisation of the light is not of importance and the strain can be calculated by 
means of equation (3.14).  However, when a sensor is embedded into a structure, e.g. 
a composite, it will generally not undergo a pure axial stress.  One should then know 
the polarisation state of the light and also the “form” of the load scheme.  However, 
in literature, just very few authors recognize this effect and almost all calculations 
are done using equation (3.14).  Some authors do recognize and anticipate this effect 
and put the Bragg-sensor in a capillary tube so that only the longitudinal strain is 
transferred to the fibre [9].  This, of course, partly diminishes the advantage of a 
small diameter of the optical fibre. 
Very recently, it has been demonstrated in [10] that when a Bragg-sensor is 
embedded in a very thick (7 mm) composite laminate the phenomenon of splitting 
of the spectrum occurs during the cooling phase of the cure cycle (in which also a 
high pressure level of 7 bar had been applied).  Afterwards a hole is drilled in the 
composite plate, in the neighbourhood of the fibre, and the change in the separation 
of the two peaks is used to estimate the release of residual stress. 
In laboratory cases the direction of the optical fibre can be chosen along the well-
known direction of load or the fibre can be carefully positioned parallel to the 
reinforcing fibres, so that for thin composites the approximation of equation (3.14) 
will be fair. 
However, for real structures, the direction of load can change from the normal 
working conditions by accidental loads or can even be variable.  Also, and perhaps 
most important, the degradation of a composite structure may cause a redistribution 
of stresses caused by an externally applied load.  Therefore, when equation (3.14) is 
applied to the recorded shift in Bragg-wavelength, serious errors can possibly be 
made.  
The ultimate goal is to be able to monitor the damage state of fibre reinforced 
composite, by measuring the 3 components of stress (sxx, syy, szz) or strain (exx, eyy, 
ezz) with one single sensor element.  A possible scheme is given in the following 
paragraph. 
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8.3 MEASURING MULTIPLE STRESS- OR STRAIN-
COMPONENTS BY MEANS OF BRAGG-SENSORS IN 
POLARISATION MAINTAINING FIBRES 
8.3.1 Polarisation maintaining fibres 
As already mentioned, and despite the name, single-mode fibres transmit two 
orthogonal eigenmodes or polarisations.  Ideally, with nominally circular fibres, the 
polarisation modes are degenerate, meaning that no difference exists between their 
propagation constants.  Furthermore, if the fibre is perfectly straight, no coupling 
exists between these modes; hence no transfer of energy takes place between them.  
The polarisation state of the output light of the fibre would in this case be perfectly 
the same as the input light.  In practical fibres, however, optical fibres are neither 
free of ambient effects (such as temperature or mechanical stress) nor perfectly 
axisymmetric and completely straight.  As a result, the polarisation state of the 
propagating light in an optical fibre is subject to fluctuations produced by changes in 
ambient conditions such as stress, heat, bending, and so on (this is in fact a possible 
basis for the use of optical fibres as sensors [11]).  Also, residual ellipticity of the 
fibre (which inevitably arises during fabrication) separates the propagation constants 
of the orthogonal modes and causes signal-degrading polarisation-mode dispersion 
[12].  Polarisation-maintaining fibres (PM-fibres) offer a solution to this problem.  
A polarization maintaining (or preserving) fibre is a special type of single-mode 
optical fibre that has the ability to maintain a linear polarization state [13].  It is 
often referred to as high birefringence single-mode fibre.  A birefringent medium is 
one in which the refractive index is different, for different polarisation orientations 
of the light propagating through it.  A birefringent fibre is one in which polarised 
light will travel at different speeds along the orthogonal polarisation axes of the 
fibre.  Such high-birefringence fibres can be further subdivided into those whose 
birefringence is induced via a geometrical effect and those whose birefringence is 
induced via a residual stress effect due to the presence of thermo-elastic inclusions; 
this is illustrated on Figure 8.5 and Figure 8.6. 
 
Figure 8.5 : Polarization maintaining fibre structures [14]. 
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Figure 8.6: Single-polarization fibre structures, with on the left the so-called PANDA fibre [14]. 
The most-common types of commercially available PM-fibres are bow-tie, oval 
inner cladding, oval core (all ilustrated on Figure 8.5), and polarisation-maintaining 
and absorption-reducing (PANDA-fibre illustrated on Figure 8.6). 
A PM-fibre has two different propagation velocities, one for each orthogonal mode.  
On the figures, the so-called slow axis is oriented horizontally and the fast axis 
evidently vertically.  The higher the modal birefringence (this is simply the 
difference in the two refractive indices), the more rapidly the two polarisation 
modes will become decoupled and polarisation preserved.  Both geometrical and 
material anisotropies contribute to the modal birefringence of a PM-fibre. 
8.3.2 Bragg-sensor in PM-fibre 
When light is coupled into the core of a PM-fibre in which a Bragg-grating has been 
written, each polarisation mode will exhibit a Bragg-resonance.  Due to the 
difference in refractive index of the two axes of the PM-fibre, both modes will 
satisfy the Bragg-condition ( 2B effnl = L ) at different Bragg-wavelengths.  This 
means that two distinct peaks will be visible in the back-reflected spectrum.  A 
typical back-reflected spectrum of such a sensor, recorded using an optical spectrum 
analyser, is shown on Figure 8.7. 
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Figure 8.7: Illustration of a back-reflected spectrum from a Bragg-grating inscribed in a polarisation 
maintaining fibre.  The two polarisation axes of the fibre have different Bragg-resonances due to their different 
refractive indices. [15] 
When such a sensor is strained, due to pure axial stress, the entire spectrum will 
shift towards higher (tensile stress) or lower wavelengths (compressive stress).  The 
two peaks will indeed exhibit the same degree of relative shift in Bragg-wavelength 
due to the fact that the (1-P)-factor is independent of the polarisation direction as 
discussed in paragraph 8.2.2.  However, the effect of a transverse stress applied to 
this type of sensor will be a change in the separation of the two peaks.  This due to 
the fact that both polarisation directions now have different (1-P)-factors as 
discussed in paragraph 8.2.4.  Under the influence of a random stress state, a 
combination of equal shift and change in separation will occur.  It is shown in [11] 
that diametric loads do not significantly alter the principal optical axes of a PM-fibre 
(of the type bow-tie); this would otherwise diminish the advantageous use of PM-
fibres. 
Due to the fact that this type of sensors yields two measurements of Bragg-
wavelengths, the potential of measuring two stress- or strain-components exists.  A 
mathematical expression of a system in which one wants to measure the axial stress-
component and one transverse stress-component can be written as: 
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The subscripts 1,2 in the shifts in Bragg-wavelength DlB denote the polarisation 
direction.  K is a 2x2 matrix containing the fibre parameters; its elements are a 
multiplication of the initial Bragg-wavelengths and the above-defined gauge factors 
(see paragraph 8.2.6).  The individual elements of the K matrix require experimental 
calibration because they depend on properties of the grating (the strain-optic 
coefficients are e.g. highly dependent on dopant concentration [6]), type of fibre and 
wavelength.  If K is nonsingular, equation (8.39) can be inverted to solve for the two 
unknown stress-components. 
In [16] this type of sensor is fabricated and subjected to transverse loading.  
Experiments showed that the sensitivities of the Bragg-resonances in both 
polarisation directions are different and exhibit a periodic dependence with respect 
to the angle between the applied load and the polarisation directions.  The authors 
there ‘expect’ that the difference and periodicity are due to an according difference 
and periodicity in strain in the directions of polarisation.  These results perfectly 
confirm the findings of paragraph 8.2.4, where the response of a Bragg-sensor to 
transverse stress was theoretically derived. 
8.3.3 Tri-axial strain sensing 
Simultaneous sensing of multiple strain components and/or temperature can 
potentially be done by using dual overlaid gratings written into polarization 
preserving fibre [17].  Two Bragg-gratings, one with Bragg-wavelength at 1300 nm 
and the other with Bragg-resonance at 1550 nm, are written at the same spot in the 
core of a polarisation preserving optical fibre.  The sensor that is formed in this way, 
is called a multiaxial sensor.  A possible set-up for interrogation and demodulation 
of such a sensor is shown in Figure 8.8.   
 
Figure 8.8: Set -up for interrogation and demodulation of multi-axial Bragg-sensors. 
When two broadband light sources centred around 1300 nm and 1550 nm 
respectively, are directed into the multiaxal sensor, four spectral peaks, one for each 
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polarization axis and for each grating, will be reflected.  These four peaks give the 
potential for (maximum) four separate pieces of information, namely axial stress (or 
strain), two mutually orthogonal axes of stress (or strain), and temperature. The 
working principle of this type of sensor is illustrated on Figure 8.9.  For ease of 
representation, it is assumed that in the initial condition (no mechanical nor thermal 
strain present), the two peaks of one grating are overlapping, as indicated on Figure 
8.9(a). 
 
Figure 8.9 : Spectral response a multiaxis Bragg-sensor due to different load schemes: (a) initial condition 
without mechanical or thermal strain, (b) pure axial stress or uniform temperature change, (c) transverse 
stress resulting in splitting of the spectra. 
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As has been described in the previous paragraph, but now applied to two different 
Bragg-gratings, a pure axial mechanical stress (or a uniform temperature change), 
will result in a shift of the pair of spectral peaks; this is illustrated on Figure 8.9(b).  
The shifts in Bragg-wavelengths will be dependent on the (1-P)-factors of both 
gratings; they will be very similar due to the fact that, as has been mentioned earlier, 
the dispersion on the strain-optic coefficients with respect to wavelength is 
negligible.  The effect of transverse stress will be a different shift in Bragg-
wavelength of the two polarisation modes; this yields a separation of the spectral 
peaks as shown on Figure 8.9(c). 
For a random threedimensional stress-state, the knowledge of the four distinct shifts 
in Bragg-wavelength should thus yield the possibility of determining axial stress, two 
components of transverse stress and temperature change in the fibre, according to: 
1,1 1
1,2 2
2,1 3
2,2
B
B
B
B
K
T
l s
l s
l s
l
Dé ù é ù
ê ú ê úDê ú ê ú=
ê úD ê ú
ê ú ê úDê ú ë ûë û
 (8.40) 
Herein DlBi,j indicates the measured shift in Bragg-wavelength for grating number i 
in polarisation direction j.  An identical relationship could be established in function 
of unknown strain-components.   
In accordance with equation (8.31) and equation (3.16), the matrix K can be written as: 
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0 ,B i j
l  is the initial Bragg-wavelength of grating number i in the polarisation 
direction j; GFksi,j is the above-defined stress-gauge-factor for stress-component k 
of grating number i in the polarisation direction j; bi,j represents the temperature 
dependence of grating number i in polarisation direction j. 
The condition number of the K matrix provides an indication of the numerical 
stability of the system described.  A large condition number indicates that small 
errors in the measurement of wavelength shifts or in the determination of the 
elements Ki,j can result in large errors in the calculation of the stress components. 
The individual elements of the matrix K have to be determined by experimental 
calibatrion for each multiaxial sensor.  Therefore this sensor has to be subjected to 
temperature change and to three independent mechanical loading conditions. 
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To this end and in preparation of multi-axial measurements in composite materials, 
the author has designed [18] two instruments  (see Figure 8.10) for the calibration of 
the stress-gauge-factors; one instrument is suitable for application of transverse 
stress (illustrated on Figure 8.11), whilst the second can be used for the application 
of axial stress or radial stress (illustrated on Figure 8.12).  The concept of these 
instruments is such that they can be easily built-in in a universal testing machine of 
the department. 
 
Figure 8.10: Instruments designed for the calibration of multi-axial Bragg-sensors. 
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Figure 8.11: Calibration instrument used for application of transverse stress on a multiaxis Bragg-sensor. 
 
Figure 8.12: Calibration instrument used for application of axial stress or uniform radial pressure on a 
mult iaxis Bragg-sensor.  Also torsional loading can be applied.  
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The instrument for application of transverse stress is based on a simple design with 
a printing stamp and a washer as shown on Figure 8.11.  Mechanical tolerances are 
very high, and the two pressure faces and the washer are finished by grinding to 
ensure a uniform distribution of the applied load.  Under one of the pressure faces, 
and guided by the positioning notches, the multiaxis Bragg-sensor is placed whilst a 
dummy fibre is placed beneath the other pressure face for equal load transfer.  The 
instrument for application of axial stress and radial pressure consists of two 
independent parts, a piston and a thick-walled cylinder, to which the optical fibre 
with multiaxis Bragg-sensor is attached at opposite ends.  Axial stress is applied by a 
simple tensile test.  For the application of radial stress, the inner of the cylinder is 
filled with oil that is pressurised by a compressive force on the entire system; the 
intended working pressure is 200 bar, which would lead to a shift in Bragg-
wavelength in the range of 0,2 nm.  In order to examine the possible influence of 
shear stresses, the fibre can be loaded in torsion by rotating the cylinder, the above-
discussed calculations did indeed tell that shear stresses do not have any influence.  
Preliminary results of experiments with multiaxial Bragg-sensors, for a composite 
load-cell and monitoring of aluminium adhesive joints, are reported in [19,20] and 
show the potential of discriminating between axial strain and transverse strain 
components. 
8.4 CONCLUSIONS 
It is theoretically discussed that the influence of a threedimensional stress (or strain) 
state on the response of a Bragg-sensor cannot be neglected.  The presence of 
transverse stress causes the reflected Bragg-spectrum to broaden and possibly split 
into two distinct peaks.  General formulations for the dependence of Bragg-
wavelength on a more-dimensional stress state are derived.  The influence of the 
polarsisation directions of an optical fibre is illustrated and so-called polarisation 
dependent stress-factors haven been introduced.  An onset is given towards the 
experimental verification of using polarisation maintaining fibres with inscribed dual 
overlaid gratings to measure three components of stress and the temperature.  This 
type of sensors has the potential to become powerful damage sensors for composite 
materials. 
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CHAPTER 9  
 
CONCLUSIONS: 
ACCOMPLISHMENTS AND 
PERSPECTIVES 
In this concluding chapter, the main accomplishments of the 
investigation of the feasibility of using optical fibres as a monitoring 
technique (for composite elements) are briefly recapitulated, together 
with some recommendations for further research. 
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9.1 OVERVIEW OF THE ACCOMPLISHED WORK 
9.1.1 Philosophy of the work 
The last years and decades a lot of research effort has been focused on the non-
destructive testing and evaluation of composite materials.  Techniques have 
been developed or optimised and their possibilities demonstrated, mainly on 
laboratory-scale test specimens and under well-conditioned circumstances.  The 
common goal of all these techniques is to get an (momentary) indication of the 
structural health of the material investigated.  Currently, the research work is 
somewhat re-orientated in that one wants to implement these techniques in existing 
or newly built structures or structural elements and perform a (semi-) continuous 
evaluation of the health of these structures, which is generally called 
monitoring.  Specifically interesting for application towards composite structures is 
the use of sensor systems that are structurally integrated within the structure. 
Such a real-time monitoring technique is very interesting for the user of the 
structure in order to get a good idea of the well functioning of the structure at all 
moments.  The advantages are in terms of increased safety, reduced costs and 
improved performance.  For the scientist, the benefit of such a monitoring 
technique is that the extension of laboratory experiments under ideal circumstances, 
performed as validation of developed material models, towards structural 
elements under real-life conditions means the ultimate test and validation of his/her 
research work. 
9.1.2 Embedding of optical fibre sensors in composite materials and 
strain measurement. 
Sensors based on optical fibres have attained a lot of interest in trying to achieve the 
ultimate goal of an ‘intelligent structure’, in which a monitoring system is 
complemented with actuation systems and some kind of intelligence (computer 
processing).  The very small size of these optical fibres makes them favourable 
candidates to be embedded into composite materials during the fabrication process.  
A very broad range of sensor types and applications has been discussed in literature.  
The most important sensor type was long time believed to be the Fabry-Pérot type; 
due to its interferometric nature extreme sensitivity is possible but it suffers mainly 
from the fact that long-term absolute measurements are not directly possible, and 
their size, due to necessity of extrinsic elements, is certainly a limiting parameter 
when embedment in composite materials is intended.  This dissertation is entirely 
devoted to the Bragg-sensor type, which could in fact be denoted as a strain gauge 
and looks very promising thanks to its intrinsic nature and wavelength-encoded 
nature of the signal. 
The first task to be accomplished was the installation of optical fibres in or on the 
element to be monitored.  Especially embedment of optical fibres is not 
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straightforward, precisely because of its small size and inherent brittleness.  In the 
course of this dissertation embedment has been accomplished in two rather harsh 
fabrication processes.  Bragg-sensors have been embedded in composite 
laminates that were cured in an autoclave technique, which imposes high 
pressures and high temperatures to the laminate and to the embedded fibre.  Careful 
preparation, handling and appropriate protection of the point of ingress/egress 
in/out the composite laminate yields a highly reliable embedment process.  Optical 
fibres have also been embedded in composite vessels, this during the filament 
winding process.  To the knowledge of the author, there had been no reports on 
such an application at that moment.   
Simple tensile testing and temperature testing of optical fibres with Bragg-
sensor indicate a perfect linear dependence of the Bragg-wavelength on 
(mechanical and thermal) strain, making them ideal candidates to be used as strain 
gauge.  The feasibility of Bragg-sensors for the measurement of strains inside a 
composite has been qualitatively demonstrated during three-point bending tests on 
composite beams, whilst a quantitative evaluation of the strain values was 
performed in a four-point bending set-up.  It followed that the response of the 
Bragg-sensor is perfectly repeatable and absolute in nature, and that the measured 
Bragg-strain is an excellent measure for the real imposed strain.  Dynamic strain 
measurements with high resolution were performed during a very large number of 
experiments wherein composite laminates have been subjected to an excitation 
induced by means of a drop-weight impact.  The impact itself and the following free 
oscillations of the laminate were clearly represented.  Frequency analysis of these 
oscillations, for which an extensive algorithm has been implemented, yields that the 
eigenfrequencies determined from the Bragg-signals are a perfect indicator for the 
structural health of the composite element.  This is a possible broadening of the 
application area of an embedded Bragg-sensor that has not yet been discussed in 
literature. 
9.1.3 Strain monitoring of a composite plate and development of a 
weighing instrument 
A first extension to more commonly used structural elements has been established 
in the fabrication of a composite plate structure with four embedded Bragg-
sensors.  The fabricated plate has been subjected to numerous out-of-plane 
loadings under various boundary conditions.  Performed Bragg-measurements have 
been compared with simulations obtained from a finite-element-model of the 
mechanical behaviour of the plate.  Taking into account inherent approximations 
and uncertainties in the simulations, the overall good correspondence of the 
measured Bragg-strains and the predicted values from finite-element-calculations 
indicate the feasibility of the Bragg-sensors and in fact demonstrates the advantage 
(and need) of a monitoring system for validation of numerical modelling.  This 
extensive comparison of experimentally obtained values with numerical simulations 
is still lacking in the greater part of worldwide literature.  The plate has been used as 
a weighing instrument, with possible applications in the field of traffic monitoring 
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and weighing.  For this application, algorithms have been numerically implemented 
making it possible to detect the location and magnitude of imposed load by using 
two, three or all four embedded sensors.  The appropriateness of the developed 
formulations has been experimentally validated.  Indeed, the experiments on the 
instrumented plate and combined calculations on the Bragg-signals yields perfect 
extraction of the imposed load, and thus shows to be a powerful tool for weighing 
purposes. 
9.1.4 Monitoring of pressure vessels in ‘real’ conditions 
A real-world application, in the form of an existing design of a composite pressure 
vessel, has been extensively tested.  Pressure vessels have been instrumented with 
Bragg-sensors embedded during the fabrication process, and were also retrofitted 
with surface-glued optical fibre sensors.  As already mentioned, the embedding of 
optical fibre sensors during the filament winding process had at that time not yet 
been mentioned.  An extensive testing program has been performed on these 
vessels.  To this end a remote monitoring set-up has been established, in which 
the demodulation instrument is an optical spectrum analyser, located at the 
department Information Technology of Ghent University.  The use of a remote set-
up was at that moment also very new.  By means of optical communication links, 
the computer used for steering of the test set-up communicates with the spectrum 
analyser.  Specific software has been developed and integrates the steering and 
control of the pressure installation, the communication with the spectrum analyser 
and the registration of measured data.  Pressure vessels with embedded Bragg-
sensors (near the outer surface) are subjected to static pressure tests and to slowly 
varying pressure cycles.  The reflected Bragg-spectra showed to be very liable to 
noise making the extraction of the Bragg-wavelengths not a straightforward task.  
Therefore the spectra were mathematically ‘smoothened’ causing a serious reduction 
of the scatter in the measured Bragg-wavelengths.  These remote experiments 
indicated a perfect linear relationship between the measured Bragg-wavelengths (and 
according strain values) and the pressure applied to the vessel.  It could however be 
noticed that the mechanical response of two vessels were seriously different from 
each other.  This is attributed to non-neglectable differences in materials parameters. 
In a second series of tests, the optical spectrum analyser has been replaced by a 
commercial demodulation instrument and now the entire experimental set-up is 
situated in the same laboratory.  The same vessels have been retrofitted with 
surface-mounted Bragg-sensors, and the entire experimental set-up as well as the 
software used has been further refined.  At first instance, the vessels have been 
subjected to periodic pressure cycles with different amplitude shapes.  A few longer-
term monitoring experiments have also been conducted.  From all experiments, an 
excellent linear agreement of the Bragg-strain and the applied pressure can be 
concluded.  The results of all experiments – i.e. the Bragg-wavelength and the 
applied pressure – have been put in one database and their mutual dependence 
investigated.  It demonstrates very clearly the absolute character of the experiments 
undertaken (during several weeks), the excellent linear dependence of strain on 
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pressure and a neglectable scatter.  The most interesting conclusion is that the 
surface-mounted sensor indicates exactly the same strain dependence on pressure, as 
did the embedded sensor in the very first experiments.  Due to some unexpected 
events during the execution of some experiments, the usefulness of a monitoring 
system based on Bragg-sensors was illustrated.  So could e.g. a leak in the vessel be 
immediately detected by the Bragg-signals, whilst the pressure signal gave no 
indication of this event.  An evaluation of the strain values has been performed by 
means of comparative measurements with Bragg-sensors and electrical 
resistance strain gauges.  The strain gauge measurements showed to be very liable 
to noise and did therefore not lead to reliable results, probably to the discontinuous 
character of the data-acquisition.  A further comparison has been performed in the 
following series of experiments. 
By using a different pressure installation, higher pressure levels could be obtained 
and dynamically varying pressure events imposed.  A comparison of the Bragg-
sensors and classical strain gauges has been performed.  These experiments show a 
fair agreement in the absolute values of the strains measured with the two sensor 
types, but indicate an overall better behaviour of the Bragg-sensors.  Main 
advantages are a better resolution and stability of the signal.  The Bragg-signals 
reflect excellently (with high precision) very small periodically changing strain 
histories, which were due to the type of pump used.  The electrical-resistance strain 
gauges sometimes show non-stable output signals (drift). 
A last type of experiment performed on a pressure vessel is a so-called burst 
pressure test in which the vessel is pressurized up to the moment of ‘fracture’.  The 
vessel was instrumented with an embedded optical fibre and also an acoustic 
emission detector.  In this way, the mechanical behaviour of the vessel was 
monitored in terms of damage and strain.  The time histories of initiation and 
growth of different damage modes was well known from a previous doctoral work.  
Extensive investigation of the strain signals and the acoustic emission events has 
been performed.  It can be concluded that the strain measurements performed with 
the Bragg-sensor clearly indicate some damage occurences.  In the initial phase 
of damage initiation and growth, the sensors indicate minor changes in the 
mechanical behaviour of the vessel.  This is acknowledged by finite-element-
simulations and previous experiments.  More severe damage (matrix cracking in the 
hoop windings) has clear consequences for the mechanical behaviour of the vessel.  
The Bragg-sensors indicate clearly some transient phenomena.  Finally, a rapid 
increase in deformation occurs whilst the pressure drops, indicating that the vessel 
has reached its ‘burst pressure’. 
The combination of damage monitoring and strain monitoring is very 
advantageous in a full assessment of the health of the composite structure. 
9.1.5 Development of measurement devices 
A brand new concept of an extensometer has been developed of which the 
measuring device is an optical fibre with Bragg-sensor.  The extensometer has a 
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gauge length of 500 mm and the entire deformation is transferred to an optical fibre 
of 20 mm.  Application of this extensometer is in the measurement of very small 
modal strains of large civil structures (e.g. bridges).  The design of the extensometer 
has been extensively investigated by means of finite-element-simulations.  
Calibration of the extensometer during static and dynamic experiments showed that 
the extensometer is indeed able to measure very small deformations with high 
accuracy at frequencies ranging from static to 150 Hz.  Deformations as small as 3 
micrometer were measured with a resolution of approximately 0,05 micrometer.  
This is not possible with currently existing measurement devices!  The designed 
extensometer is currently being successfully used for modal deformation 
measurements on a real-scale concrete beam (16 m long). 
A second development consists in the optimisation of a load-cell used in an 
experimental set-up for performing bending fatigue experiments on small composite 
plates.  The former design was based on an aluminium shaft, instrumented with 
electrical resistance strain gauges.  It seemed that the signals from these strain 
gauges are liable to drift and therefore only relative data could be used.  No 
information on absolute strain was obtained, which is however necessary for 
assessment of the permanent deformation on the test pieces.  An analogous design 
of the load-cell instrumented with Bragg-sensors has been developed.  Comparative 
measurements from strain gauges and Bragg-sensors show that the Bragg-sensors 
in fact give the desired absolute strain information and that the permanent 
strain of the composite specimen can be measured with this new load-cell. 
The combination of strain monitoring and damage monitoring clearly allows 
to understand the mechanical behaviour of a composite element that 
becomes damaged under severe loading conditions.  It is also obvious that 
none of the monitoring techniques at there own, could lead to a full 
understanding, but that a combination of strain monitoring and damage 
monitoring, with further addition of finite-element-simulations, should allow 
a very precise ‘condition’ monitoring. 
With additional research effort, and provided that adequate tools for the 
simulation of a degrading fibre-reinforced structure become available, 
permanent condition monitoring of critical structures can become realistic in 
the near future.  From the results presented it can be concluded that the 
Bragg-sensor type can be considered a key instrument for monitoring 
applications of composite structures (providing that they become available at 
economically interesting prices). 
9.1.6 Response of a Bragg-sensor subjected to a more-dimensional 
stress field and possible application for damage monitoring 
The influence of a threedimensional stress (or strain) state on the response of a 
Bragg-sensor cannot be neglected and has been theoretically derived, starting 
from the general formulation of the dependence of refractive index on mechanical 
strain.  The traditional calculation of longitudinal strain from the Bragg-response is 
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not valid for a more-dimensional stress state.  In fact, the presence of transverse 
stress components causes the reflected Bragg-spectrum to broaden and possibly 
split into two distinct peaks.  General formulations for the dependence of 
Bragg-wavelength on a random threedimensional stress state have been 
derived.  Such derivations have not yet been published in worldwide literature!  The 
influence of the polarsisation directions of an optical fibre is illustrated and so-called 
polarisation dependent stress-factors haven been introduced.  An onset is given 
towards the experimental verification of using polarisation maintaining fibres with 
inscribed dual overlaid gratings to measure three components of stress and the 
temperature.  This type of sensors has the potential to become powerful damage 
sensors for composite materials. 
9.2 RECOMMENDATIONS FOR FUTURE WORK 
To get the Bragg-sensors off the shelf, the major impedance for the moment is in 
fact an economical issue.  The Bragg-sensors themselves still remain fairly 
costly, due to the highly specialized fabrication process and the current malaise in 
the telecommunication industry.  It can however be expected that through the 
development of the phase mask technology and increased stimulus from 
telecommunication applications, fabricants will become interested in mass-
production and prices will drop. 
For the moment, only a few demodulation instruments have been 
commercialised, with varying success.  Instruments are desired that are able to 
interrogate multiple Bragg-sensors at high frequencies and with of course high 
resolution.  Herefore on the shorter-term fundamental research work in the ‘optical 
sector’ is desired to develop suitable and reliable instrumentation.  Towards in-situ 
applications, an autonomous remote sensing system is wanted.  By means of 
communication through GSM-technology or the Internet, the possibility exists for 
monitoring in-service structures online from one’s desk or from any independent 
location on the world-wide-web.  ID-FOS Research has announced the 
development of such a remote system, working on solar energy and communication 
through a modem. 
Further extension of this principle could exist in a miniaturisation onto one 
single chip or substrate of a light source, optical wave-guide with Bragg-gratings 
and a demodulation unit.  If this can get such small dimensions that it can entirely 
be embedded in the composite construction an ideal situation would exist.  
Reserach on this topic will be started in a final year thesis, in cooperation 
with the department Information Technology (prof. Baets). 
From the mechanical point of view, the development of a connector system that 
can be integrated into a composite element is highly desirable.  The combination of 
a very precise alignment (fibre core is only 3 micrometers in diameter) of an 
embedded fibre with external fibres, and the harsh production processes makes this 
a very difficult task.  This system should ideally allow trimming of the composite 
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edges and not impose any difficulties in the connection with other structural 
elements.  Repeatedly connecting and disconnecting may not imply high forces, 
which could degrade the composite material at this place or have a fibre breakage as 
result. 
Further improvement of a Bragg-measurement-system can be obtained by using 
multiple sensors on one optical fibre (multiplexing).  By making use of just one 
optical fibre the least disturbance of the composite material is assured whilst being 
able to monitor a larger composite element in multiple regions.  This provides more 
extensive information on the overall mechanical behaviour of the structure.  
Possible disadvantage is that when the fibre breaks, a certain number of Bragg-
sensors can not any more be addressed, which could however be solved by 
providing connectors at both ends of the fibres.  The spatial implementation 
strategy – this is determining the best location of sensors to get most information – 
should be determined and investigated in the design phase. 
The possibility of measuring more-dimensional strain fields with one sensor 
would be very advantageous for composite applications.  It has been demonstrated 
that this is possible by writing Bragg-gratings in polarization maintaining optical 
fibres.  Two independent Bragg-signals (one for each polarization direction) 
constitute the output of this sensor implementation, and so information on more-
dimensional strain fields can be obtained.  Initiation and accumulation of damage in 
a composite material leads to an internal re-distribution of stresses and strains.  If 
one Bragg-sensor could detect dissimilar strain variations for mutual orthogonal 
directions in the composite, the Bragg-signals could be related to occurring damage.  
This means an extension of the strain gauge function to a damage sensing 
function and would make the Bragg-sensor a high-quality sensor.  
As demonstrated in the last experiments on the pressure vessels, the combination of 
multiple sensor types should lead to a very good determination of the structural 
integrity of a structure.  Data-acquisition, storage, processing and interpretation of 
the signals from the different sensor types is a demanding task and has given rise to 
a relatively new research domain, called data fusion. 
Longer-term experiments on real-world applications would be an ideal test case 
and results from these experiments must convince people and authorities of the 
necessity of monitoring systems and the advantages of Bragg-sensors to this end.  
The author is for the moment involved in a few projects in cooperation with 
the department of Structural Engineering (prof. Taerwe) concerning the 
condition monitoring of bridges and a quay-wall .  A final year thesis will, in 
cooperation with the company Pentair, start the long-term monitoring of real 
composite vessels. 
